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Chemical Changes in Stored Blood, with Observations 
on the Effects of Adenosine 


By T. A. J. PRANKERD 
Medical Unit, University College Hospital Medical School, London 


(Received 11 January 1956) 


Ina recent paper (Prankerd & Altman, 1954) certain 
changes in phosphorus metabolism occurring in 
fresh cells incubated in vitro at 37° were described. 
It was shown (i) that adenosine and guanosine make 
possible the exchange of **P between cells and 
plasma in the absence of glucose, (ii) that %*P 
entering the cells is incorporated into phosphate 
esters, and (iii) that *?P-labelled cells, when incu- 
bated at 37° with an excess of glucose, begin to lose 
2P after 16 hr. owing to breakdown of phosphate 
esters, but that this change can be prevented by the 
addition of adenosine or guanosine. It was con- 
cluded that the effect of nucleosides arose from their 
cleavage by a phosphorylase, and that the ribose 
phosphate so formed was metabolized in the hexose 
monophosphate shunt. Recently, Gabrio, Donohue 
& Finch (1955) have shown that adenosine im- 
proves the storage of red cells at 4°, and Gabrio, 
Hennessey, Thomasson & Finch (1955) have 
reported that adenosine increases the content of 
easily hydrolysable phosphate in the stored red 
cells. The experiments described in this paper were 
made in order to obtain more precise information on 
changes in blood stored at 4° in the presence and 
absence of nucleosides. 


MATERIAL AND METHODS 


Whole blood was obtained under sterile conditions from 
healthy donors and mixed in 5:1 ratio with ‘A—-C—D 
medium’ (disodium citrate 2-0 g., dextrose 3-0 g., water 
120 ml.). To this mixture was added 0-1 vol. of 0-9% NaCl 
or 0-1 vol. of 0-05m adenosine in 0-9% NaCl, and the 
mixtures were kept in a refrigerator at 4°. Samples for 
analyses were taken with aseptic precautions at varying 
intervals. 

Glucose. This was estimated in duplicate samples of whole 
blood by the method of Nelson (1944). The standard error of 
these estimations on five samples of blood was +0-45%. 

Phosphate esters. These were separated from trichloro- 
acetic acid (10%) extracts of washed cells by the method of 
Caldwell (1955). The chromatograms were run in propanol— 
NH, soln.-water for 18 hr. to get better separation of 
adenosine triphosphate and adenosine diphosphate. The 
total phosphorus estimated in the esters thus separated 
accounts for about 70% of the total phosphorus of blood 
cells, 

Phosphorus. This was determined by the method of 
Berenblum & Chain (1938). 


14 


Sodium and potassium. These were estimated in blood 
cells washed with 0-9% NaCl by means of an EEL flame 
photometer (Evans Electroselenium Ltd., Harlow, Essex), 
with known standards. The standard error of these estima- 
tions on five samples of blood was Na, +0-75%; K, 
+0-61%. 

Lactic acid. This was determined by the method of Barker 
& Summerson (1941). 

Nucleosides and purines. These were separated and esti- 
mated by methods described by Prankerd (1955). It has 
recently been found by paper electrophoresis that adenosine 
is first deaminated to inosine, which then undergoes phos- 
phorylative cleavage to hypoxanthine and ribose phosphate. 
This method of separation only differentiated nucleosides 
from purines. 

Cells were separated from blood samples by centrifuging 
at 3000 g for 10 min. in graduated tubes. Changes in cell 
volume were estimated by centrifuging samples under the 
same conditions in Wintrobe haematrocrit tubes. Inter- 
cellular fluid was taken to constitute 2% of the cell volume 
(Jackson & Nutt, 1951) and this was deducted to obtain 
true cell volume. Intracellular contents were corrected for 
changes in cell volume during storage. 

Although in some experiments about 20 uc of carrier-free 
[2P orthophosphate was added to the blood after temper- 
ature equilibration had been obtained at 4°, in other experi- 
ments blood was incubated with the same amount of [*?P]- 
orthophosphate at 37° for 4 hr., then washed with saline, 
and resuspended in a previously separated portion of 
extracellular fluid (which was free from radioactivity) before 
storing at 4°. The radioactivity in phosphate esters and 
supernatant fluid was assayed by means of an end-window 
Geiger—Miiller counter. For this purpose areas of paper 
containing the separated phosphate esters were counted, and 
0-1 ml. of supernatant fluid was dried on filter paper and also 
counted. Counting rates of 25 000 counts/min./yc of *P 
were obtained; all counting was continued sufficiently long 
to give standard errors of less than 3%. 


RESULTS 


Table 1 shows changes in phosphate esters which 
occurred during storage of blood cells with and 
without adenosine. 

Storage without adenosine. In the absence of 
adenosine the following sequence of events was 
observed. During the first 3 weeks 5-95 + 0-23 m- 
moles of glucose/1. of blood disappeared (1-8 + 0-29m- 
moles of glucose/l./week), and 1-4+0-2 m-moles of 
lactic acid/l. of blood appeared. The amount of 
lactic acid formed over this period was slightly, but 
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significantly, less than that which corresponds to the 
amount of glucose utilized (P<0-05 by Student’s 
t test). Within the cells there was a slow but fairly 
constant fall in the amount of 2:3-diphosphoglycer- 
ate (2:3-DPG) and of adenosine triphosphate (ATP). 
However, the rate of fall in ATP content was less 
than that of 2:3-DPG (0-11 pmole/ml. of cells/week 
compared with 0-23 pmole/ml. of cells/week of 2:3- 
DPG). The rise in cell orthophosphate during this 
period can be accounted for quantitatively by the 
breakdown of 2:3-DPG and ATP; this indicates that 
no significant loss of orthophosphate occurred from 
the cells during 3 weeks. In spite of the fall in ATP 
content there was no corresponding rise in the 
adenosine diphosphate (ADP) content, and pre- 
sumably ADP must have broken down to adenylic 
acid (AMP). Fructose 1:6-diphosphate (F 1:6-P) 
increased slightly (¢, 4-25; P< 0-05). 

After 3 weeks of storage the cellular metabolism 
can be seen to alter profoundly. Glucose utilization 
showed a sharp fall (0-55+0-17 pmole/l./week) ; 
lactic acid production almost ceased. About the 
end of the third week the 2:3-DPG content suddenly 
decreased and by the fourth week this ester dis- 
appeared altogether; its disappearance was associ- 
ated with a further rise in cell orthophosphate. The 
fall in cell ATP continued and there was no corre- 
sponding rise in ADP. However, about the fourth 
week the breakdown of ATP appeared to come to a 


standstill in spite of there being about a quarter of 


the original content left. Fructose 1:6-diphosphate 
showed no further increase. 

From about the end of the fourth week no further 
intracellular changes occurred, but haemolysis 
progressively developed. Over these 4 weeks 
concentrations of cell Na* ion and K™ ion altered 
owing to the movement of these ions in the direction 
of their concentration gradients. 

Storage with adenosine. In the blood stored with 
adenosine the changes occurring in the first 3 weeks 
closely resembled those described above, except 
with regard to 2:3-DPG. This ester showed no 
significant decrease over this period, and there was 
a significant difference between the amounts of 2:3- 
DPG in cells stored with and without adenosine 
(t, 4:35; P<0-05). Consistent with the better 
preservation of 2:3-DPG in cells stored with adeno- 
sine was the finding that cell orthophosphate in- 
creased less in these cells. Glucose utilization 
appeared to occur faster in the presence of adenosine 
(2-0 m-moles of glucose/l./week), but this difference 
was not significant (¢, 2-04; P>0-1), and lactate 
production was not increased (¢, 1-17; P>0-1). The 
nucleoside disappeared from the extracellular fluid 
at the rate of 4-71 pmoles/ml. of cells/week, and was 
replaced by purine. Changes in electrolyte com- 
position of cells stored in this way were no different 
from those stored in the A-C—D medium alone. 
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CHEMICAL CHANGES IN STORED BLOOD 


Table 2. Amounts of phosphate esters and their specific activities in cells stored with 20 wc of *?P 
at 4° with and without adenosine (0-005M) 


211 


Vol. 64 


Content of phosphate esters (P) is expressed in yg. of P/ml. of washed blood cells. The specific activity (s.4.) of these 
esters is expressed in counts/min./yg. of P. (Abbreviations as in Table 1.) 
With adenosine Without adenosine 


A 











2:3-DPG ATP ADP IP 2:3-DPG ATP ADP IP 
Days of ; ne we ue P eA te oa c = = Seay, (ee —— 
storage P S.A. P S.A. P S.A. Pp S.A. P S.A. P S.A. P S.A. Pp S.A. 

9 158 os 65 — 15 — 34 — 158 “= 65 — 15 --- 34 - 

7 164 20 55 18 8 — 37 14 128 16 59 16 20 —- 88 7 
14 143 31 43 14 10 3 41 70 81 42 40 18 19 2 125 69 
28 139 35 38 16 17 3 68 95 9 50 42 9 12 2 190 86 
35 74 84 30 10 15 6 112 71 0 —_ 25 12 17 5 210 112 


Table 3. Amounts of phosphate esters and their specific activities in cells stored at 4° with and without 


adenosine (0-005M) after incubation for 4 hr. with 20 wc of **P at 37° 


Content of phosphate esters (P) is expressed in pg. of P/ml. of washed blood cells. The specific activity (s.a.) of these 
esters is expressed in counts/min./yg. of P. (Abbreviations as in Table 1.) 


With adenosine 


Without adenosine 





2:3-DPG 


ATP 





2:3-DPG ATP ADP IP ADP IP 

Days of ‘ a ——, / am 2 A——. A—— - .—_as_, A. 
storage P S.A. P S.A. P S.A. P S.A. P S.A P S.A. P S.A. P S.A. 
0 170 1480 70 1120 19 650 20 1200 170 1480 70 1120 19 650 20 1200 
7 169 1150 63 1520 20 795 47 1380 164 1100 57 1100 21 790 74 1450 
14 175 945 29 1450 19 940 43 1170) 135 805 51 1350 22 870 90 1850 
28 175 775 31 1400 ll 1050 50 1290 23 775 30 1270 18 980 175 1650 
35 113 760 26 1500 17 1100 120 1580 0 0 21 1090 17 1070 206 1510 


After 3 weeks’ storage there was a remarkable 
difference between cells stored with adenosine and 
those without, namely, 2:3-DPG persisted in con- 
siderable amounts in cells stored with adenosine 
until after the fifth or sixth week. The contents of 
cell orthophosphate differed (¢, 3-9; P<0-05) and 
only rose in parallel with the fall of 2:3-DPG and 
ATP. However, in spite of the persistence of 2:3- 
DPG, ATP fell a similar extent in the presence as in 
the absence of adenosine. There was no difference 
in glucose utilization (¢, 1-58; P>0-10) but lactic 
acid production was greater (é, 1-0; P<0-01). The 
continued production of lactic acid corresponded 
quantitatively to the amount of nucleoside dis- 
appearing over the same 3 weeks (6-8 m-moles of 
lactic acid/l.: 6-1m-moles of nucleoside/l.). As 
pointed out later this can be explained by the forma- 
tion of lactic acid from the pentose of the nucleoside. 
Cell electrolyte changes did not differ significantly 
in the two media (for K*, ¢, 0-82; P>0-10; for Na’, 
t, 0-43; P>0-10). 

Turnover of ?2P. The results of experiments on °?P 
turnover in stored cells are given in Tables 2 and 3. 
Table 2 shows changes which occurred when *?P 
was added to the blood mixture at the beginning of 
storage. There appeared to be practically no flow of 
“P into the ATP pool after the first week. This 
applied equally to cells stored in either way. On the 


other hand, there appeared to be a continuous flow 
of *?P into the pool of 2:3-DPG in both the presence 
and the absence of adenosine during storage for the 
first 4 weeks, as shown by the rise in specific activity 
of this ester. In the cells stored with adenosine, 
where 2:3-DPG persisted into the fifth week, the 
specific activity still rose at that time. 

Table 3 records changes in cells which were first 
incubated with **P for 4 hr. at 37°, and then sub- 
jected to cold storage. In previous experiments 
(Prankerd & Altman, 1954) it that 
incubation for 4hr. resulted in a_ radioactive 
equilibrium. In the experiments in Table 3 adeno- 
sine was not added until the blood mixture had 
been kept at 4° for 30 min. To a large extent the 
changes which occurred were a reverse of those 
shown in Table 2, since the cells were washed and 
resuspended in a *!P-phosphate medium before 
storage. Thus the specific activity of the 2:3-DPG 
pool feil owing to dilution with unlabelled phos- 
phorus, which must have come from the medium, 
whereas the specific activity of the ATP pool 
showed no significant change. The activity of the 
cell orthophosphate pool increased considerably in 
the and the 
resulted from the breakdown of labelled esters. 


was found 


must have 
In 


the cells stored with adenosine, where the break- 


first 2 weeks increase 


down of esters was less marked, the rise in the 


14-2 
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activity of the cell orthophosphate pool was less 
also; however, later in storage when phosphate 
esters had decreased, even in the presence of adeno- 
sine, then the activity of the cell orthophosphate 
pool rose markedly. 

The very limited incorporation of #?P into ATP in 
the experiments recorded in Table 2, considered 
together with the lack of dilution of labelled 
phosphorus by unlabelled phosphorus in the ATP of 
cells as shown in Table 2, indicated that relatively 
little synthesis of ATP was occurring in these cells 
compared with 2:3-DPG. Furthermore, in the 
presence of adenosine, synthesis of 2:3-DPG 
continued for a longer time than in its absence. 

Reincubation at 37° after storage at 4°. In Table 4 
are shown changes in phosphate esters and electro- 
lytes which occurred in cells reincubated for 3 hr. at 
37° after varying periods of storage at 4°. Both 
storage and reincubation occurred with and without 
the addition of adenosine. After 3-4 weeks of 
storage at 4° red cells lost their ability to utilize 
glucose on reincubation at 37°, whether they were 
stored with adenosine or not, and there was no 
reaccumulation of K* ion and no resynthesis of 
phosphate esters. Reincubation at 37° before this 
time enabled cells to reverse those changes that had 
occurred during cold storage. If, however, adeno- 
sine was added to the reincubating mixture to a 
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final concentration of 0-005m, then, even after 
storage for 6 weeks uptake of K* ion and resynthesis 
of phosphate esters occur, and after incubation for 
1 hr. cells started reutilizing glucose. At this stage 
the ATP content had risen to 0-54 wmole/ml. of cells. 
A considerable amount of adenosine is utilized on 
reincubating stored cells; about 3-1 wmoles/ml. of 
cells/hr.; an amount much greater than was found 
with fresh cells (Prankerd, 1955). These changes on 
reincubating stored cells appeared to occur just as 
readily whether adenosine is present during storage 
at 4° or not. 


DISCUSSION 


It is clear from the experiments described above 
that for about 3 weeks of cold storage the red cells 
retain their ability to metabolize glucose. At 4° the 
rate of synthesis of phosphate esters is less than 
their rate of breakdown, and the levels of these 
esters consequently decrease progressively. This 
fall is most marked in ATP, which decreases at a 
fairly constant rate from the start of storage, 
whether or not the cells are utilizing glucose; the 
rate of fall is similar to that observed by Maizels 
(1943). 

From the experiments in which **P-phosphate 
was added to the storage mixture it appears that 
the incorporation of *2P into ATP is very small in 


Table 4. Changes in phosphate esters and cations on reincubation of blood at 37° with and without 
adenosine (0-005) after varying periods of storage at 4° 


For explanation of abbreviations see Table 1. 








A: adenosine. 


Phosphate esters. m-equiv./I. 








Days of Conditions of incubation Glucose pg. of P/ml. of cells of cells 
storage -+-adenosine (mg./  - A aie A Z 
+ adenosine a - — 100 ml.) 2:3-DPG ATP ADP IP K+ Nat 
21 -A -A Before incubation 510 95 43 28 102 61 45 
Incubated 1 hr. 501 — — — 60 44 
Incubated 3 hr. 485 70 49 2 80 66 39 
21 -A +A Before incubation 510 95 43 28 102 61 45 
Incubated 1 hr. 497 —— _ — — 61 44 
Incubated 3 hr. 475 95 58 6 65 69 38 
21 +A -A Before incubation 501 165 35 19 54 70 31 
Incubated 1 hr. 493 — — — — 70 29 
Incubated 3 hr. 466 184 47 10 34 72 26 
21 +A +A Before incubation 501 165 35 19 54 70 31 
Incubated 1 hr. 490 — — — a 72 27 
Incubated 3 hr. 465 197 54 12 27 77 25 
42 -A -A Before incubation 485 0 25 21 194 50 71 
Incubated 1 hr. 487 — — — — 50 71 
Incubated 3 hr. 484 0 10 5 79 49 76 
42 -A +A Before incubation 485 0 25 21 194 50 7 
Incubated 1 hr. 483 36 40 5 113 51 72 
Incubated 3 hr. 471 112 65 9 54 57 64 
42 +A -A Before incubation 499 75 27 19 131 47 67 
Incubated 1 hr. 495 — —- —- — 47 69 
Incubated 3 hr. 489 0 7 9 75 49 68 
42 +A +A Before incubation 499 75 27 19 131 47 67 
Incubated 1 hr. 499 90 45 8 104 47 65 
Incubated 3 hr. 481 158 62 12 36 51 61 
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comparison with the incorporation into 2:3-DPG, 
and this raises the question whether significant 
synthesis of ATP occurs during cold storage. In 
contrast 2:3-DPG synthesis continues during the 
first 3 weeks of storage and is increased, and con- 
tinues longer during storage, in the presence of 
adenosine. The continued synthesis of 2:3-DPG, and 
rise in concentration of F 1:6-P, suggest that the 
glycolytic steps below the triose phosphate de- 
hydrogenase stage are defective at 4°, and this 
would account for the lack of ATP synthesis 
observed. This defect is reversible on reincubation at 
37°. The disappearance of 2:3-DPG after glucose 
utilization ceases and in the absence of adenosine 
must be due to uncompensated breakdown, per- 
haps as a result of phosphatase activity. 

The fall in content of glucose 6-phosphate in cells 
after 3 weeks’ storage coincides with their diminished 
ability to utilize glucose, and implies that the 
reaction which fails is the conversion of glucose into 
glucose 6-phosphate. The failure of this reaction 
would appear to be due to depletion of cell ATP 
since it is reversible when sufficient ATP has been 
synthesized in the presence of adenosine. 

In the presence of adenosine, even after 3 weeks’ 
storage, the synthesis of 2:3-DPG and the formation 
of lactic acid still occur. The formation of triose 
phosphates from adenosine by the activity of red- 
cell nucleoside phosphorylase was first described by 
Dische (1951), and it is likely that triose phosphate 
formed in this way contributes to the synthesis of 
2:3-DPG. In spite of these reactions, however, no 
increase in ATP synthesis appears to occur, and the 
presence of adenosine during storage does not 
increase the ability uf the red cell to metabolize on 
reincubation in a medium devoid of this nucleoside. 
If, however, adenosine is present during reincuba- 
tion then resynthesis of intracellular phosphate 
esters occurs and the cell regains its ability to move 
cations against their concentration gradients, and 
cell potassium rises. 

The ability of cells to metabolize adenosine after 
they can no longer utilize glucose may be attributed 
to the fact that ATP would not be required for the 
phosphorylation of the ribose fraction of adenosine, 


which occurs as a result of phosphorolysis, whereas 
ATP is required for the phosphorylation of glucose. 
Once ATP has been synthesized to a sufficient 
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extent in the presence of adenosine the ability of 
cells to phosphorylate glucose is restored. It should 
be stated that there is considerable variability in the 
response of blood to incubation after storage, and 
many samples fail to revive their metabolism at all. 
When revival does occur the changes are consistent. 


SUMMARY 


1. Changes in phosphate ester composition 
occurring in red cells stored at 4° have been in 
vestigated. 

2. During the first 3 weeks of storage the content 
of 2:3-diphosphoglycerate and adenosine triphos- 
phate decreases. The flow of 32P added as phosphate 
into 2:3-diphosphoglycerate exceeds by several 
times that into adenosine triphosphate. 

3. In the presence of adenosine the concentration 
of 2:3-diphosphoglycerate is maintained for periods 
up to 6 weeks at 4°. 

4. On reincubation at 37° after for 
3 weeks at 4° red cells lose their ability to utilize 
glucose. This can be restored by adenosine; the 
ability to utilize glucose appears to be related to 
levels of adenosine triphosphate within the cell. 
Restoration can occur after 6 weeks of storage in the 
presence of adenosine. 


storage 


The author is grateful to Miss E. M. Clarkson for prepara- 
tion of a number of blood samples used in these experiments. 
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(Received 8 March 1956) 


The presence of trace quantities of odd-numbered 
and anteiso branched-chain fatty acids in 
hydrogenated mutton fat has been established by 
the isolation of 13-methyltetradecanoic acid, 
(+)-12-methyltetradecanoie acid, (+ )-14-methyl- 
hexadecanoic acid and 10-methyldodecanoic acid 
(Hansen, Shorland & Cooke, 1953, 1952, 1954a). In 
the present paper is reported the isolation from 
hydrogenated mutton fat of trace quantities of an 
even-numbered iso acid, 16-methylheptadecanoic 
acid (isostearic acid), which has not formerly been 
found in any natural fat, although it has been iso- 
lated from wool grease (Weitkamp, 1945; Sheng- 
Lieh Liu, 1952) and has been synthesized (Fordyce 
& Johnson, 1933; Weitkamp, 1945; Stenhagen & 
Tagtstrém-Eketorp, 1945; Hougen, Ilse, Sutton & 
de Villiers, 1953; Milburn & Truter, 1954). 


~so 


1X PERIMENTAL 


As described earlier (Hansen ef al. 1952, 1953, 1954a) the fat 
used in this investigation [sample G/48, saponification 
equivalent (sap.equiv.) 286-9, iodine value 46-6, unsaponi- 
fiable matter 0-56%, and free fatty acids 0-4%] was ob- 
tained by mincing and steam-rendering the external fatty 
tissues from the carcasses of old overweight ewes. The gly- 
cerides were converted into methyl esters (7-69 kg.) and 
hydrogenated at 180°. The hydrogenated methyl esters 
(iodine value 3-0) were then repeatedly crystallized at — 30 
from 10 vol. of acetone. Of the resulting acetone-insoluble 
methyl esters (‘solids’) 6-45 kg. was fractionated in vacuo, 
yielding 16 fractionsand a large residue. The eleventh fraction 
of this series (denoted OSI11, 530 g., 
iodine value 1-9) is the one pertaining to this paper. Of this 
fraction, 416 g. was crystallized at — 40°, twice from 10 vol. 
and once from 12 vol. of acetone, yielding a soluble fraction 
(denoted O22, 18-91 g.) which was refractionated in column 
EK (Shorland, 1952). Thirteen fractions and a residue re- 
sulted, the twelfth and thirteenth of which O22L12 (1-54 g., 
sap.equiv. 295-2, m.p. 17-5-18-5°) and O22L13 (2-95 g., 
sap.equiv. 299-0, m.p. 18-5-19-7°) were freed from un- 
saponifiable matter, combined as acids and denoted O23 


sap.equiv. 297-2, 


$v means of repeated low-temperature crystallization of 
023 acids from various solvents (Table 1) two fractions 
O23S14S and 023S14LS38S, which possessed melting points 
approximating to that of isostearic acid, were separated. 
Accordingly they were bulked and denoted O25. Fractions 
O023S5L-O23S1LL (Table 1) were combined, denoted 024, 


* Part 2: Hansen, Shorland & Cooke (1953). 


and as methyl esters were fractionated in a micro column, 
yielding four fractions and a residue. Two of these fractions 
(O24L2, 0-57 g., m.p. 21-5-22-5°, sap.equiv. 293-5; 024L3, 
0-58 g., m.p. 21-0-22-5°, sap.equiv. 295-9) were combined 
and denoted 026. When converted into acids (m.p. 61-3- 
62-8°), 026 was subjected to a series of low-temperature 
erystaliizations (Table 2) to yield fraction O26S118. 

The following are the chemical and physical properties of 
fractions 025 (0-25 g.) and O26S11S (0-22 g.). Fraction 025 
had m.p. 68-0-68-4° [reported m.p.’s: 69-5° (Weitkamp, 
1945); 67-6-68-2° (Fordyce & Johnson, 1933); 67-5-68-0 
(Milburn & Truter, 1954); 67-8-68-5° (Stenhagen & 
Tagtstrém-Eketorp, 1945); 69-5-69-7° (Hougen ef al. 
1953)]; when mixed with an equal quantity of 16-methyl- 
heptadecanoic acid supplied by Weitkamp (1945) it gave a 
mixed m.p. of 69-0-69-4° ; when mixed with an equal quantity 
of n-stearic acid (m.p. 69-4-69-8°) it gave a mixed m.p. of 
58-1-58-7°; iodine value 1-7; X-ray long spacing 34-3+0-54 
[reported values: 33-84 (Velick, 1947); 33-84 (Arosenius, 
Stallberg, Stenhagen & Tagtstrém-Eketorp, 1949); 33-754 
(Hougen et al. 1953)]; n7 1-4331. (Found: C, 75-8; H, 12-5; 
C-Me, 58%; sap.equiv., 283-0. Calc. for C)gH,,0, : C, 76-0; 
H, 12-8; C-Me, 5-3%; sap.equiv., 284-5.) Methyl ester: 
m.p. 25-8-26-0°; nf 1-4872. 

Fraction 026S11S had m.p. 68-2-68-7° ; when mixed with 
an equal quantity of 16-methylheptadecanoic acid, supplied 
by Weitkamp (1945), it gave a mixed m.p. of 68-8-69-4°; 
when mixed with an equal quantity of n-stearic acid it gave 
a mixed m.p. of 58-5-59-1°; iodine value 2-2; X-ray long 
spacing 34-6--0-5A; “ 1-4338. (Found: C, 76-5; H, 12-5; 
C-Me, 5-9%: sap.equiv., 285-0. Cale. values given above.) 

Melting points were determined in closed capillaries and 
are uncorrected. Combustion analyses and C-methyl de- 
terminations were made by Drs G. Weiler and F. B. Strauss, 
Oxford, England. X-ray measurements were made with a 
Philips Geiger X-ray spectrometer, in which manganese- 
filtered iron Ka radiation was used. In the preparation of 
samples for X-ray analysis samples were melted on a glass 





slide and cooled. 
DISCUSSION 


The presence of 16-methylheptadecanoic acid in 
mutton fat is established by the chemical and 
physical properties of fractions 025 and O26S11S. 
Probably the most conclusive evidence confirming 
the identity of these fractions is the fact that their 
melting points when the 
fractions were mixed in equal proportions with pure 
16-methylheptadecanoie acid supplied by Weit- 
kamp (1945). Weitkamp’s (1945) sample was of 
identified by method of 
elucidation number of 
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transitions appearing in the solidification-point 
curves of binary mixtures of branched-chain acids 
with normal fatty acids. As is characteristic of iso 
acids, the melting points of these fractions are about 
1° below the melting points of their corresponding 
normal acids (Weitkamp, 1945; Cason, 1948). 
Further melting-point evidence consistent with the 
fractions being isostearic acid is that when they are 
mixed in equal quantities with n-stearic acid their 
mixed melting points were depressed by approxi- 
mately 10° (ef. Weitkamp, 1945). 

Before the present investigation only two high- 
molecular-weight even-numbered iso acids had 
been isolated from natural fats, namely the C,, 7so 
acid 12-methyltridecanoic acid from  butterfat 
(Hansen, Shorland & Cooke, 19546) and the C,, iso 
acid 14-methylpentadecanoic from ox-perinephric 
fat (Hansen, Shorland & Cooke, 1955). In wool 
grease, however, Weitkamp (1945) separated the 
complete series of even-numbered 7so acids from 
Cy) to Cy, inclusive. Of the low-molecular-weight 
even-numbered iso acids, isobutyric acid has 
recently been identified in the steam-volatile acids 
of mutton fat (McInnes, Hansen & Jessop, 1956) by 
means of the gas-liquid chromatogram of James & 
Martin (1952). Similarly, isobutyric acid has been 
reported to be present in wool grease (Sheng-Lieh 
Liu, 1952). 

It is estimated that in the sample of mutton fat 
investigated, 16-methylheptadecanoic acid repre- 
sents not less than 0-05 % of the total fatty acids. 


SUMMARY 


Hydrogenated mutton fat has been found to contain 
trace quantities of 16-methylheptadecanoic (iso- 
stearic) acid. 


R. P. HANSEN, F. B. SHORLAND AND N. J. COOKE 


1950 


The authors are much indebted to Dr A. W. Weitkamp, 
Research Laboratories of the Standard Oil Co., Whiting, 
Indiana, U.S.A., for kindly supplying a sample of pure iso- 
stearic acid, and to Dr G. G. Claridge, Soil Bureau, Depart- 
ment of Scientific and Industrial Research, Wellington, for 
the X-ray measurements reported in this paper. 
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ARYLSULPHATASE OF ALCALIGENES METALCALIGENES* 


By K. 8. 


DODGSON, B. SPENCER anp K. WILLIAMS 


Department of Biochemistry, University of Wales, Newport Road, Cardiff 


(Received 22 February 1956) 


In a previous paper (Dodgson, Spencer & Williams, 
1955) the effect of variaton of pH on the affinity 
of enzyme and substrate (cf. Dixon, 1953) was 
examined for the arylsulphatase of Alcaligenes 
metalcaligenes and the substrates p-nitrophenyl, 
p-acetylphenyl and 2-hydroxy-5-nitrophenyl sul- 


* Part 12: Dodgson, Spencer & Wynn (1956). 


phates. The results indicated that the formation of 


the enzyme-substrate complex involved an electro- 
static attraction between the substrate and posi- 
tively and negatively charged groups in the enzyme. 

Further information on the mechanism of the 
enzyme action has now been obtained by correlating 
the effect of structural change in the substrate 
molecule with the kinetics of the hydrolytic reaction. 
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Examples of this approach can be seen in the work of 
Gawron, Grelecki & Duggan (1953) with phenyl 
acetate and wheat-germ lipase, and of Nath & 
Rydon (1954) with phenyl £-p-glucosides and 
emulsin. The method requires a knowledge of the 
distribution of electrons about the ester linkage of 
the substrate ; thus aromatic esters are particularly 
suitable since the substitution constants (c) of 
Hammett (1938, 1940) provide a quantitative 
assessment of the effect of substituent groups on the 
distribution of electrons in the environment of the 
aromatic ring. Increasing positive or negative o 
values indicate respectively the increasing electro- 
philic or nucleophilic nature of the substituent 
groups. A preliminary account of this work has 
already appeared (Dodgson, Spencer & Williams, 
1956). 


MATERIALS AND METHODS 


Preparation of the aryl sulphates. The ester sulphates of 
o-, m- and p-nitrophenol, 0-, m- and p-cresol, o- and p- 
chlorophenol, p-methoxyphenol and phenol were prepared 
by the method of Burkhardt & Lapworth (1926). 0-, m- and 
p-Hydroxyphenyl sulphates were prepared in a similar 
manner from catechol, resorcinol and quinol with sufficient 
chlorosulphonic acid to sulphate one hydroxyl group only. 
2-Hydroxy-5-nitrophenyl sulphate (nitrocatechol sulphate) 
was prepared according to the instructions of Roy (1953), 
p-acetylphenyl sulphate according to Dodgson & Spencer 
(1953), o-aminopheny] sulphate by the method of Boyland, 
Manson & Sims (1953) and m- and p-aminopheny] sulphates 
according to Burkhardt & Wood (1929). Potassium salts 
were prepared in all cases, and the purity was checked by 
gravimetric estimation of the sulphate released after hydro- 
lysis with 2N-HCl for 15 min. at 100°. 

The enzyme preparation. The electrophoretically concen- 
trated arylsulphatase previously described (Dodgson et al. 
1955) was used. After dialysis against tap water overnight, 
the enzyme was dialysed against three changes of distilled 
water. It was necessary to make several preparations during 
the course of the work and these varied in activity between 
14000 and 18000 p-nitrophenol units/mg. of N (see Dodgson 
et al. 1955) when incubated with 0-0015M potassium p- 
nitrophenyl sulphate in the presence of 0-1mM-NaH,PO,— 
Na,HPO, buffer, pH 8-75, for 1 hr. at 37-5°. 

Determination of enzyme activity. In most cases the 
phenols liberated by enzyme action were estimated by 
spectrophotometrie methods. In practice, 0-6 ml. of 
enzyme solution of suitable concentration was incubated 
with 0-6 ml. of a solution of the appropriate substrate in 
0-1mM-NaH,PO,-Na,HPO, buffer, pH 8-75, for lhr. at 
37-5°. At the end of the incubation period the liberated 
phenols were estimated as follows: p-nitrophenol, p- 
nitrocatechol by methods 
Melville, Spencer & 


hydroxyacetophenone and 


previously described (Dodgson, 


Williams, 1954), o- and m-nitrophenols by the method of 
Robinson, Smith, Spencer & Williams (1952) and other 
phenols by use of the Folin—Ciocalteau reagent as described 
by Bray & Thorpe (1954). With some phenols it was con- 
venient to obtain a reliable standard for the preparation of 
calibration curves by the hydrolysis of the corresponding 
aryl sulphates, which were in a high state of purity. These 
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were hydrolysed with 2N-HCI for 15 min. in a boiling-water 
bath, volatile phenol being retained by a suitable trap 
containing N-NaOH. After hydrolysis the contents of the 
trap were added to the hydrolysate and the mixture was 
used to make up the standard phenol solutions. 

The activity of the enzyme towards the various substrates 
varied considerably, and it was not possible to use the same 
concentration of enzyme for all substrates. In a few cases it 
was also necessary to increase the period of incubation, and 
specific mention is made of these in the text. In the deter- 
mination of the relative maximum velocity (V,,,,. =k;Ey) 
the concentration of enzyme must be known. Since it was 
not possible to keep the enzyme concentration constant, and, 
moreover, since the enzyme preparations varied in activity, 
it was necessary to relate the activity of the enzyme, 
towards any particular substrate, to that obtained towards 
areference substrate. Ideally, phenyl sulphate would be the 
most suitable reference compound, but the activity of the 
enzyme towards this substrate is relatively low. For this 
reason p-nitrophenyl sulphate was used, and whenever a 
new substrate was examined a reference experiment with 
the same enzyme concentration was made simultaneously 
with p-nitrophenyl sulphate as substrate (0-0015M in 
0-1mM-Na,HPO,-NaH,PO, buffer, pH 8-75, the optimum 
conditions for this substrate). 

With o-, m- and p-hydroxyphenyl sulphates it was not 
possible to measure the liberated dihydric phenols in the 
presence of their monosulphate esters, and it was necessary 
to determine liberated sulphuric acid by the benzidine 
method (Dodgson & Spencer, 19536). This method cannot 
be used in the presence of phosphate buffer. Accordingly 
enzyme and substrate were incubated in the presence of 
0-05M aminotrishydroxymethylmethane (tris), which had 
been adjusted to pH 8-75 with cone. HCl. Preliminary 
experiments showed that enzyme activity in the presence of 
this buffer was appreciably greater than in the presence of 
phosphate buffer. For this reason it was necessary to refer 
the enzyme activity towards 0-, m- and p-hydroxyphenyl 
sulphates with tris buffer to that obtained with p-nitro- 
phenyl sulphate in the same buffer. The increased activity 
appeared to be an activation by tris rather than an inhibi- 
tion by phosphate since the activity of the enzyme in the 
absence of any buffer was the same as in the presence of 
phosphate. 

Michaelis constants (K,,) and maximum velocity (Viia..)- 
These were calculated from the plot of [S]/v against [8] 
(where [8] is the molar concentration of substrate and v is 
the velocity of the enzymic reaction) at values of [8S] where 
inhibition by excess of substrate was negligible. The inter- 
cept of the curve is K,,/Vaax, and the slope is 1/V,,,. 
(Lineweaver & Burk, 1934). The V,,, values shown in 
Table 1 have been calculated relative to that for pheny! 
sulphate, which was taken as unity. 


RESULTS 
Table 1 shows the Michaelis constants 
[Kn = (ky °F ks)/k,] 
and the maximum velocity values (V,,,,. =/3/) 
obtained for each aryl sulphate together with the 
appropriate substitution constant (c) of the group 
present in the benzene ring. Fig. 1 shows logy 
K,, plotted against the substitution constants 


m 
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Table 1. Michaelis constant (K,,,) and maximum-velocity values (V,,,,.) for the hydrolysis of substituted 
phenyl sulphates by the arylsulphatase of Alcaligenes metalcaligenes 


Vmax, Values have been calculated relative to that obtained for phenyl sulphate, which has been expressed as unity. 
Substitution constants (v7) are quoted from Hammett (1940), Mamalis & Rydon (1950) and Jaffé (1953), and the acidic 
hydrolysis velocity constants are those of Burkhardt et al. (1936) recalculated relative to that of phenyl sulphate. The 


incubations were carried out in 0-1M-Na,HPO,-NaH,PO, buffer, pH 8-75, at 37-5°. 
Relative velocity 





Incubation constants of 
Relative time acidic hydrolysis 
Substituents o 10! K,, We (hr.) at 48-6° 
p-NO, + 1-270 4-75 16-6 1 5-0 
p-CO.CH, +0-874 9-0 16-7 1 os 
m-NOz + 0-710 9-8 81 1 2-3 
o-NO, + 0-650 6-75 16-4 1 4-02 
o-Cl +0-325 13-1 6-4 1 1-46 
p-Cl +0227 9-4 5:7 1 1-21 
H 0 59-2 1 15 1 
m-CH, — 0-069 30-6 0-27 18 0-99 
o-CH, — 0-080 62-5 0-13 18 0-87 
m-NH, — 0-161 57-0 0-10 18 ~- 
p-CH, — 0-170 31-1 0-81 18 0-77 
p-O.CH, — 0-268 61-8 0-12 15 0-50 
p-NH, — 0-660 109-0 0-27 18 — 
o-NH, me 111-0 0-11 18 ie 
o-OH, m-NO, — 1-68 2-4 1 2-1* 
p-NO.F +1-27 2-33 16-5 1 —_— 
H+ 0 6-09 1 18 —_— 
o-OH+ — 0-002 9-4 0-21 18 -- 
m-OHt — 0-268 6-68 0-53 18 -- 
p-OHt -—- 10-5 0-22 18 — | 
0-OH, m-NO,F a 1-25 2-2 1 — 
* Determined in this Laboratory. 
+ These determinations were made in the presence of 0-05m tris buffer, pH 8-75, at 37-5° (see text). \ 
-1°5 then it follows that the formation of enzyme- 
p-NH, substrate complex is facilitated by the presence of 
| p-O.CH, electron-attracting substituents in the benzene ring. 
& m-NH o-CH3 mya: 8 ; ° : 
-20 ¥ Strictly speaking, the affinity of enzyme for sub- 
@ i oe--H strate in the reaction 
k k, , 
95 - ® = ; 1 a 3 _ 
° cH, ! o-Cl E+S = ES --~> E+products 
v0 Pp 3 m-CH3 § m-NO, ks 
—_ \ p-CH; . . - na - 
-3-0 « @ ~—p-NO, is given by 1/K, (K,=k,/k,), and 1/K,, can only be 
p-Cl 8 | used as a true measure of enzyme-substrate 
o-NO, * affinity when k, is negligible, in which case K,, = K,. | 
35 Unfortunately it was not possible to determine the | 
relative magnitude of k, in the present case by any | 


of the usual methods. A method described by 
a cae 0 305 "10 en Gawron et al. (1953) for the direct determination of 
Substitution constant («) enzyme-—substrate affinity could not be applied in 


Fig. 1. Relationship between the substitution constant and the present case since the relationship between K,, 
the enzyme-substrate affinity (1/K,,) for the arylsul- and V,,,.. was not linear. 


m max. 


phatase of A. metalcaligenes acting on substituted phenyl Fig. 2 shows the plot of log, V,,,. against the 

sulphates in the presence of 0-1M-Na,HPO,-NaH,PO, — substitution constants. The V,,,. values obtained 

buffer, pH 8-75. serve as a relative measure of k, since V,,,, =k;E 
and the V,,,. for the various substrates have been | 


(Hammett, 1940; Mamalis & Rydon, 1950; Jaffé, related to one concentration of enzyme. It can be 


1953). The results show that log,) K,, decreases with seen from Fig. 2 that the rate of hydrolysis of aryl 


m 


increase in the electrophilic nature of the substituent — sulphates is greatly increased by the presence in the 
group and, if the usual assumption is made that benzene ring of electrophilic groupings. In this 
1/K,, is a measure of enzyme-substrate affinity, respect the hydrolysis of aryl sulphates by the 
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15 o-NO, p-CO.CH, 
S foe PNO; 
o-Cl 
0 + @mNO, 
, 
205 p-Cl 
Ei 
, RO git 
3 
eo 7-OH 
p-OH 
-05 o3 e-- m-CH; 
= 
-O.CH 
p-NH, P Ny e-0-CH; 
-10 @<—m-NH, 


serene access it Barre ee 
10  -05 0 +05 +10 +45 
Substitution constant (0) 

Fig. 2. Relationship between the substitution constant 
and the relative maximum velocity of hydrolysis (V,,..) 
for the arylsulphatase of A. metalcaligenes acting on 
substituted phenyl sulphates in the presence of 0-1M- 
Na,HPO,—-NaH,PO, buffer, pH 8-75. The V,,,,, values 
obtained for m- and p-hydroxyphenyl] sulphates in the 
presence of 0-05 tris buffer are also included. 





Alcaligenes enzyme is very similar to the acidic 
hydrolysis of these compounds (see Table 1 and 
Burkhardt, Ford & Singleton, 1936). 


DISCUSSION 
Mechanism of the enzymic reaction 

A possible method by which the enzyme interacts 
with, and aids the hydrolysis of, the aryl sulphates 
can now be proposed. It has already been suggested 
(Dodgson et al. 1955) that formation of the enzyme— 
substrate complex involves an electrostatic attrac- 
tion between charged groups of both components 
and this has been assumed in the following hypo- 
thetical reaction mechanism: 


H.OH 

Ar.0.80,.07 + X~.E.Y~ = Ar.0.80,.07 = 

(+) (+) 

x= ¥* 
— 
K 
Ar.OH +HO.SO,.0~ = HSO,~ +X7.E.¥+ 
(+) 
x yy? 
Se ai 
E 


In this scheme, which is similar to that suggested 
for the hydrolysis of phenyl acetates by wheat- 
germ lipase by Gawron et al. (1953), X and Y denote 
the nucleophilic and electrophilic groups present at 
the active site of the enzyme (see Dodgson e¢ al. 
1955). The group X will tend to attract the sulphur 
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atom of the substrate, which, by virtue of its semi- 
polar bonds, will possess some degree of positive 
charge. The group Y is formulated as attracting the 
ionized oxygen atom of the aryl sulphate. Support 
for this view is provided by the lack of pronounced 
ortho effect in the combination of enzyme and sub- 
strate (see Table 1 and Fig. 1). This absence of ortho 
effect suggests that interaction of enzyme and sub- 
strate occurs at a point some distance from the 
aromatic ring. 

The introduction of an electron-attracting sub- 
stituent group into the benzene ring results in an 
increased withdrawal of electrons from the sulphate 
group. In consequence there is an increase in the 
degree of positive charge on the sulphur atom which 
more than compensates for the simultaneous 
decrease in negative charge on the ionized oxygen 
atom, since the latter is further removed from the 
benzene ring. The increase in net charge should 
result in an increase in enzyme-substrate affinity 
(1/K,,), and this is in accord with the experimental 
results (Table 1). 

In the breakdown of the enzyme-substrate 
complex it is not possible to say with certainty 
whether fission occurs at the oxygen—sulphur bond 
(1) or the oxygen—carbon bond (2), and this problem 
can be solved unequivocally only by experiments 
with #0: 

Ar.0--S0,.07 (1) Ar+O.S0,.07 (2) 

Of the two possibilities the rupture of the oxygen— 
sulphur bond is, however, the more likely. Burk- 
hardt et al. (1936) concluded that the acidic hydro- 
lysis of aryl sulphates, which is similar to the 
enzymic hydrolysis (see Table 1), did not involve the 
fission of the oxygen-—carbon bond, since these 
compounds did not exhibit phenylating properties. 
The chemical stability of the aromatic nucleus— 
oxygen bond is well known. 

Fig. 2 indicates that the breakdown of the enzyme— 
substrate complex into the products of the reaction is 
facilitated by the presence of electrophilic groups 
in the aromatic nucleus. On general grounds this 
might be considered to indicate that the complex 
decomposes under the attack of a nucleophilic 
reagent. However, the enzymic hydrolysis is 
similar to the acidic hydrolysis of the aryl sulphates 
(see Burkhardt e¢ al. 1936), which involves an 
attack by the electrophilic hydroxonium ion. This 
suggests that the enzyme-substrate complex is 
similarly decomposed through the action of an 
electrophilic agent. If this is so, the increase in the 
rate of hydrolysis resulting from the introduction of 
electrophilic substituents is probably due to the 
greater stability of the product Ar.‘O' formed as 
a result of the rupture of the oxygen-sulphur bond. 


(+) ae 
The other product, SO,.O , is presumably stabilized 
by combination with enzyme. 
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Although the mechanism postulated for the inter- 
action of the arylsulphatase with its substrates is in 
agreement with the experimental results, alter- 
native reactions cannot be excluded (see Gawron 
et al. 1953). Moreover, the general mechanism pre- 
sented here does not explain the special properties 
of the enzyme which make it an arylsulphatase. 

From the foregoing it would appear that there 
must be a strong electron-withdrawing influence on 
the sulphate group of an aryl sulphate before it can 
be appreciably hydrolysed by the arylsulphatase. 
The failure of the enzyme to attack other ester 
sulphates, such as ethyl and chondroitin sulphates, 
might thus be explained as due to the absence of a 
strong electrophilic group capable of influencing the 
sulphate radical. 

The results obtained with nitrocatechol sulphate 
are worthy of comment. At the pH of the experi- 
ment, 8-75, this substrate has two contrasting sub- 
stituents in the benzene ring: the electrophilic 
m-nitro group and the strongly electrophobic o- 
phenoxide group. The predominating influence on 
the sulphate group of this substrate might be 
expected to be that due to the o-phenoxide sub- 
stituent, the net result being a low rate of enzymic 
hydrolysis and low affinity of enzyme for substrate. 
In fact the substrate is appreciably hydrolysed and 
the affinity is greater than that of p-nitrophenyl 
sulphate. Dodgson et al. (1955) have already indi- 
cated that the o-phenoxide group plays some part 
in the interaction of enzyme and _ nitrocatechol 
sulphate, and for this reason it is doubtful whether 
comparisons between this substrate and other aryl 
sulphates are permissible. The enzymic hydrolysis 
of catechol monosulphate (o-hydroxyphenyl sul- 
phate) does not exhibit the anomalies shown by 
nitrocatechol sulphate. At pH 8-75 the free 
hydroxyl group of catechol monosulphate is present 
in the phenolic form, whereas that of nitrocatechol 
sulphate is present as the phenoxide. It should also 
be noted that comparison between the enzymic and 
acidic hydrolysis of nitrocatechol sulphate cannot 
be made, since the o-hydroxy] group is present in the 
phenoxide form during enzymic hydrolysis at 
pH 8-75 and in the phenolic form during acidic 
hydrolysis. 

Boyland, Manson, Sims & Williams (1956) have 
recently shown that the arylsulphatases of Take 
diastase and human urine, working at pH 6-0, are 
without appreciable effect on a number of o-amino- 
substituted arylsulphates, and suggested that this 
was related to the ability of these compounds to 
form zwitterions. The rate of hydrolysis of o-, m- 
and p-aminophenyl sulphates by the Alcaligenes 
enzyme is also very low; but the reason for this lies 
in the nucleophilic nature of the amino group rather 
than in the presence of zwitterions, since at the pH 
of the experiments (8-75) there is little tendency for 
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zwitterion formation. The amino group of these 
aryl sulphates when participating in zwitterion 
formation contains a quinquivalent nitrogen atom 
and is, therefore, electrophilic in nature. In such 
cases, according to the arguments developed earlier, 
the aryl sulphates should be appreciably hydrolysed. 
If the mechanism of action of the Taka diastase and 
urine enzymes is similar to that of Alcaligenes, the 
fact that o-aminoaryl sulphates, when present in 
zwitterion form, are not hydrolysed suggests that 
a pronounced ortho effect is in some way involved. 
Unfortunately, Boyland e¢ al. (1956) did not examine 
any aryl sulphates with highly basic substituent 
groups in the meta- and para-positions. Such a 
study would have indicated more clearly the extent 
to which the ortho effect is responsible for the 
resistance of the o-aminoary! sulphates to enzymic 
hydrolysis. 

The quantitative results obtained by Boyland 
et al. (1956) must be regarded with caution, since the 
observed rates of enzymic hydrolysis at an arbi- 
trary substrate concentration of 0-01M have been 
compared. Some of the substrates used, when 
present in excess, inhibit the arylsulphatases of 
Taka diastase and urine (Dodgson & Spencer, un- 
published results), and in such cases the observed 
velocities are not related to the V,,,,. values and are 
therefore not strictly comparable one with another. 
Moreover, the arylsulphatase of urine is acting in the 
presence of endogenous inhibitor (phosphate and 
sulphate), and this is a further complicating factor 
in attempting to make quantitative comparison 
between different substrates. 

Arylsulphatases have been used to characterize 
urinary constituents as aryl sulphates (e.g. Bute- 
nandt & Hoffstetter, 1939). The present work and 
that of Boyland e¢ al. (1956) have shown that the 
failure of an arylsulphatase to release a phenol from 
an unknown conjugate (e.g. Clarke, Akawie, 
Pégrund & Geissman, 1951) need not necessarily 
mean that the conjugate is not an ary! sulphate. 


SUMMARY 


1. The effect of substituents in the benzene ring 
on the affinity of enzyme for substrate and on the 
rate of hydrolysis of phenyl sulphate by the aryl- 
sulphatase of Alcaligenes metalcaligenes has been 
studied. 

2. The affinity of enzyme for substrate (K,,,) and 
the maximum velocity of hydrolysis (V,,,.) are 
enhanced by the introduction of electrophilic sub- 
stituents and decreased by nucleophilie substi- 
tuents. 

3. A possible mechanism for the enzyme reaction 
is discussed. 

Weare grateful to the Royal Society, the Medical Research 
Council and Imperial Chemical Industries Ltd. for gifts of 
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apparatus; to Professor A. G. Evans for valuable advice and 
to Mr B. K. Kelly and the staff of the M.R.C. Antibiotic 
Research Station, Clevedon, for the mass culture of Alca- 
ligenes. Professor E. Boyland kindly allowed us to see his 
results before publication. Mr A. G. Lloyd assisted with 
some of the sulphate determinations. 
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The Chemical Composition of Microsomes and Mitochondria 
from Silver Beet 


By E. M. MARTIN anp R. K. MORTON 
Department of Biochemistry, University of Melbourne 


(Received 5 March 1956) 


Chemical analyses of the ‘small granules’ or micro- 
somes isolated by the differential centrifuging of 
dispersions of animal tissues have been reported by 
a number of workers (see review by Schneider & 
Hogeboom, 1951). The results show that such 
microsomes contain a high proportion of ribonucleic 
acid (RNA) and lipid in addition to protein. About 
50% of the total cellular RNA occurs in these 
particles. Mitochondria from animal tissues such 
as rat liver also contain a large amount of lipid 
(about 30% of the dry weight) but usually much 
less RNA than do microsomes (see Ada, 1949; 
Schneider & Hogeboom, 1951). 

However, there are few published analyses of the 
cytoplasmic particles isolated from dispersions of 
plant tissues. Stafford (1951) found that the pro- 
portion of RNA in particles isolated from disrupted 
pea seedlings varied from 0-:10% of RNA phos- 
phorus in the larger particles to 0-24% in those 
which sedimented only when centrifuged at 
60000 g for 30 min. The ‘mitochondria’ contained 
30 % of lipid and some deoxyribonucleic acid (DNA) 
(0-07—-0-1 % of DNA phosphorus), which was con- 


sidered to arise as a contamination from disrupted 
nuclei. Brown, Jackson & Chayen (1953) analysed 
particles sedimented from dispersions of bean roots. 
The RNA (as mg./mg. of total nitrogen) varied 
from a value of 0-5 for particles sedimented at 
1400 g for lhr. to 1-01 for particles sedimented 
between 25000 g for 1 hr. and 130000 g for 2 hr. 

In a previous paper (Martin & Morton, 1956a) the 
isolation of microsomes and mitochondria from 
silver beet was described. These cytoplasmic 
particles were characterized in terms of their 
enzymic properties. The present paper describes 
analyses of these isolated cytoplasmic components 
to determine the lipid, RNA, DNA and protein 
contents. 

To obtain a reliable estimation of both RNA and 
DNA, several different analytical procedures were 
compared. In agreement with Stafford (1951) and 
McClendon (1952), it has been found that procedures 
used by earlier workers do not give satisfactory 
values for RNA and DNA in the particles isolated 
from plant tissues. An improved analytical pro- 
cedure is described. It has been found that the 
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microsomes and mitochondria of silver beet contain 
similar amounts of nucleic acids but differ markedly 
in the content of lipids. 


MATERIALS AND METHODS 


Nucleic acids. RNA and DNA standards for the ribose 
and deoxyribose estimations were semi-purified prepara- 
tions kindly supplied by Mr G. L. Ada. The RNA (from yeast) 
was purified by the method of Smith & Markham (1950), 
and the DNA (from thymus gland) by the method of Signer 
& Schwander (1949). The preparations contained 8-3 and 
7-9% of P respectively. Hydrolysates of RNA (Schwartz 
Laboratories Inc., New York, U.S.A.) and of DNA (British 
Drug Houses Ltd.) were used as markers for chromatography 
of bases. 

Lipid solvents. Redistilled laboratory-reagent-grade 
n-butanol, A.R.-grade methanol and chloroform, and 
anaesthetic ether were used. 

Buffered NaCl and buffered KCl. Sodium chloride (100 g.) 
was dissolved in 1 |. of 0-1m sodium acetate buffer at pH 4-0. 
In some cases potassium salts were used in place of the 
sodium salts. 

Perchloric acid. Analytical reagent (72%, w/v) was 
diluted and adjusted to n, 0-5N and 0-2N. 

Protamine. A saturated solution of salmine sulphate 
(British Drug Houses Ltd., laboratory-reagent grade) in 
water was adjusted to pH 4-0 with n-H,SO,. This solution 
contained 1-8 mg. of protein N/ml. 


Tissue preparations 

Mitochondria and microsomes. These were isolated from 
dispersions of white petioles of silver beet (Beta vulgaris) by 
differential centrifuging as described previously (Martin & 
Morton, 1956 a). The isolated particles were generally washed 
with 0-15mM-NaCl (see Fig. 1, Martin & Morton, 1956a@) and 
the resedimented material was dried over P,O, at room 
temperature. The products from several different prepara- 
tions were combined to provide sufficient material for 
analysis. The mitochondria and microsomes for preparation 
I (see Table 4) were isolated from ten preparations between 
July and November 1953; for preparation II, from six 
preparations between March and May 1954; and for pre- 
paration III, from eight preparations in July 1955. 

Whole beet petiole. Approx. 100 g. of white petioles of 
beet was dispersed in 100 ml. of water in a Waring Blendor 
for 2 inin., frozen and dried in vacuo, and then ground to a 
fine powder. This was finally dried to constant weight in 
vacuo over P,O; at room temperature. 

Heart-muscle preparation. Disrupted sarcosomes from 
pig’s heart muscle were obtained by the procedure of Keilin 
& Hartree (1947) as modified by Slater (1949), and dried 
over P,O,; in vacuo at room temperature. 


Extraction of lipids, acid-soluble phosphates, 
nucleic acids and protein 


The following extraction procedures have been used in 
the analyses of whole beet petiole and isolated cytoplasmic 


particles. The suitability of the procedures for extraction of 


RNA and DNA is considered in the Experimental section. 
Dispersion of dried material. The dried materials were 
lem.x1l0cm. centrifuge tubes, ground 


weighed into 


internally, into which a ground-glass pestle could be fitted. 
In some later work, smooth-walled centrifuge tubes fitted 
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with a Nyathene (polyethylene plastic) pestle, as described 
by Kamphausen & Morton (1956), were used. The pestle 
was previously thoroughly extracted at room temperature 
with the solvents to be used. 

After dispersion of the material either mechanically or by 
hand (as necessary), the pestle was washed clean with excess 
of the solvent applied as a jet from a syringe. 

Lipids. The following treatments were all carried out at 
room temperature (16-22°). 

The dried material (50-100 mg.) was dispersed (see above) 
in 3 ml. of methanol, extracted for 30 min. and centrifuged. 
The residue was extracted for 30 min. by dispersing in 6 ml. 
of 1:1 chloroform—methanol, followed by a similar treat- 
ment with 6 ml. of n-butanol. The residue was washed two or 
three times with 5 ml. quantities of diethyl ether, which was 
discarded. The lipid extract was made up to 20 ml. with 
methanol. Portions of 0-3 ml. were used for estimation of 
lipid P. For the estimation of total lipid by dry weight, 
5 ml. portions of this extract were evaporated to dryness at 
the water pump and then dried to constant weight in vacuo 
over P,O;, CaCl, and paraffin chips at room temperature. 

The remaining ether in the lipid-free material was 
removed by holding the material in a water bath at about 
60° for approx. 15 min. 

Acid-soluble phosphates. The lipid-free residue 
extracted by dispersion in 4 ml. of 0-2N-HCIO, at 0° and 
immediately centrifuged at 0-2°. The residue was rapidly 
washed twice with 3 ml. portions of 0-2N-HCIO, at 0°, and 
the combined extracts were made up to 10 ml. Portions 
(0-2 ml.) were used for the estimation of total and organic P. 

RNA. The residue from the treatment described above 
was dispersed in 6 ml. of n-HCIO,. The tubes were sealed 
with HClO,-extracted plastic sheet (secured with rubber 
bands) and mechanically shaken for 24 hr. at 2-4°. After 
centrifuging, the residue was twice extracted with 4 ml. 
portions of n-HCIO, for 3 hr. at 24°. The combined extracts 
were made up to 15 ml. with N-HCIO, and centrifuged at 
10000 g for 15 min. The small precipitate was then returned 
to the main residue material. Generally, 2 ml. portions of 
the combined extracts were used for estimation of total and 


was 


inorganic P. 

DNA. The remaining residue was washed once with 4 ml. 
of water at about 2° to remove residual HCIO,, dispersed in 
5 ml. of buffered NaCl (or KCl) and then held for 20 min. in 
a boiling-water bath. After centrifuging, the residue was 
further extracted with 3 ml. and 2 ml. portions of buffered 
NaCl (or KCl) at about 100° for 2-5 min. each. The combined 
extracts were made up to 10 ml. and clarified as above when 
necessary. Portions of 2 ml. were used for estimation of 
total P and deoxyribose. As shown later, this material may 
consist largeiy of RNA. 

Total nucleic acids (NA). In some cases, the extraction of 
RNA was omitted and the total NA was extracted with 
buffered NaCl (or KCl), as described above for extraction of 
DNA. 

Protein. The residue remaining after removal of RNA and 
DNA was successively extracted at about 100° for 15 min. 
with 10 ml. of N-NaOH and 5 ml. of N-H,SO,. The combined 
extracts were made up to 20 ml. with water. Portions of 0-1 
and 1 ml. were taken for the estimation of protein N and 
protein P respectively. 

The residue remaining after the protein extraction, 
mainly polysaccharide with varying proportions of glass 
abraded from the pestle or homogenizer tube, was not 


examined. 








956 


bed 
stle 
sure 


4 by 


2eSs 
t at 


ve) 
ed. 
ml. 
2at- 
9or 
was 
vith 
1 of 
sht, 
s at 
cuo 
. 

was 
out 


was 
und 
dly 
ind 
ons 
P. 
ove 
Jed 
ber 
‘ter 
ml. 
cts 
| at 
ned 
3 of 
ind 


ml. 
lin 
.in 
vas 
red 
red 
1en 

of 
lay 


1 of 
ith 
1 of 


ind 
in. 
ied 
O-1 
ind 


on, 
ass 


not 





Vol. 64 


Chromatographic procedures 


Hydrolysis of nucleic acids. The dried, desalted nucleic acid 
extracts, containing 20-30 yg. of P, were taken up in 1 ml. of 
88 % (v/v) formic acid, and hydrolysed in a sealed tube in an 
electric oven at 180° for 90 min. The formic acid was 
removed from the opened tube by drying in vacuo over 
NaOH pellets at room temperature, and the residue taken 
up in 0-1 ml. of N-HCl and centrifuged. Portions of 6-12 pl. 
were used for the estimation of P, and 20-50 yl. for chro- 
matography. 

Paper chromatography. Whatman no. | filter papers were 
washed as described by Hanes, Hird & Isherwood (1952). 
Descending chromatograms were run for 20 hr. at 20—22° 
after equilibration with the solvent for about 1 hr. Unless 
otherwise stated, the propan-2-ol-HCl solvent of Wyatt 
(1951) was used. The chromatograms were dried in warm air 
and printed photographically as described by Markham & 
Smith (1949), the light from a 15 w General Electric Edison 
germicidal tube being used, filtered through a solution 
containing 10 g. of CoSO,,7H,O and 35 g. of NiSO,,7H,O/ 
100 ml. Kodak standard contact paper was used. 

Elution of purines and pyrimidines. The positions of the 
bases on the chromatograms were traced from the photo- 
graphic prints. Strips of 2-3 cm. length containing the spot 
were cut out, together with a similar blank cut from a free 
lane adjacent to the substance to be estimated. At one end 
the strip was cut to a tapered point, on which a glass clip was 
placed to direct the flow of the eluate into a collecting tube 
graduated at 1-2 and 2-5 ml. By means of a similar glass 
clip, the other end was attached to another strip of washed 
Whatman no. | filter paper, approx. 4-5 em. long, the free 
end of which dipped into a glass trough containing 0-1N- 
HCl. The paper was eluted until no material absorbing ultra- 
violet light could be detected in it. This usually took 30- 
45 min., 0-2-0-3 ml. of eluate being collected. The ab- 
sorption of the eluates between 225 and 290 my. was 
measured after making =p to volume (1-2 or 2-5 ml.) with 
0-1 n-HCl. 


Spectrophotometry 


All absorption measurements were made with a Beckman 
spectrophotometer, model DU, with 1 cm. quartz cuvettes. 
Where required, the volume (approx. 3 ml.) of the cuvette 
was reduced to 1-1 ml. by using a displacer. This consisted 
of a solid Perspex block (1-0 cm. x 0-95 cm. x 4-6 em.), 
slightly rounded at the corners so as to fit closely into the 
cuvette. About 0-5em. projected above the top of the 
cuvette. In the direction of the light path, a slot (0-64 em. x 
1-43 cm.) was cut through the block at 1-05 cm. from the 
base and centrally to the face of the displacer. A hole 
(0-45 em. diam.), drilled from the top of the block, allowed 
material to be introduced into the cuvette. The displacer 
was extensively extracted with dil. HCl at room temperature 
to remove material absorbing u.v. light. RNA phosphorus 
and DNA phosphorus were estimated from the absorptions 


at Axa. With the extinction coefficients given by Ogur & 


Rosen (1950). Measurements were made with appropriate 
blanks. 

The concentrations of bases in eluates from chromato- 
grams were calculated from the absorption data given by 
Beavan, Holiday & Johnson (1955). 

Calf-thymus DNA and yeast RNA, treated similarly to 
the plant material, were used as standards for estimation of 
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DNA phosphorus and RNA phosphorus from the colori- 
metric determinations of deoxyribose and ribose re- 
spectively. 

Other analytical methods 


Dry weight. This was determined after drying to constant 
weight over P.O, in vacuo at room temperature. 

Deoxyribose. The colorimetric method of Ceriotti (1952) 
was used. Purification of chloroform as described by 
Ceriotti (1952) caused variable results. It was therefore used 
either as obtained commercially, or, in later work, after 
distillation over MgO in a fractionating column, the fraction 
obtained between 61-0 and 61-5° at atmospheric pressure 
being retained. 

Ribose. The orcinol method of Mejbaum (1939) as modified 
by Hurlbert, Schmitz, Brumm & Potter (1954) was used. 

Phosphorus. Inorganic P was estimated by the procedure 
of Martin & Doty (1949) as modified by Weil-Malherbe & 
Green (1951). Total P was determined after digestion of the 
material for 30 min. with 10N-H,SO, and 1 drop of conc. 
HClO, (if not already present in the sample). The amount of 
10x-H,SO, (normally 0-5 ml.) was increased by 0-2 ml. for 
each 1 ml. of buffered NaCl (or KCl) present in the sample. 

Nitrogen. Initially, the method of Harvey (1951) was 
used. In later studies, it was estimated colorimetrically with 
Nessler’s reagent as previously described (Morton, 1955). 


RESULTS 
Extraction of nucleic acids 


If the material extracted in the analytical procedure 
is predominantly NA, then good correlation should 
be obtained between estimates based on absorption 
at or near 260 muy. (due to purines and pyrimidines), 
NA sugar, and organic P. This criterion was used to 
assess the suitability of procedures for estimation of 
RNA and DNA. 

Comparison of the procedures of Schmidt & 
Thannhauser (1945) and Ogur d& Rosen (1950). 
Initially, experience was gained with a preparation 
of disrupted sarcosomes from pig’s heart. A 
summary of the results obtained with the Schmidt & 
Thannhauser (1945) and Ogur & Rosen (1950) pro- 
cedures for fractionation of RNA and DNA is given 
in Table 1. Estimates of RNA phosphorus and 
DNA phosphorus were based on measurements of 
organic P, absorption of ultraviolet light and of the 
appropriate sugars. Table 1 shows that the value 
for RNA phosphorus obtained by the Schmidt & 
Thannhauser (1945) method is greatly in excess of 
the total NA phosphorus obtained by the Ogur & 
Rosen (1950) procedure. Moreover, the RNA 
extract obtained with the former procedure showed 
no absorption maximum between 250 and 270 mx., 
thus indicating the presence of compounds other 
than RNA which interfere with the typical ab- 
sorption of RNA. Hence the Schmidt & Thann- 
hauser (1945) procedure was abandoned and 
attention was directed to the Ogur & Rosen (1950) 
procedure, which was developed specifically for 
estimation of NA in plant tissues. 


224 


E. M. MARTIN AND R. K. MORTON 





1956 


Table 1. Comparison of two procedures for determination of nucleic acids 


Results are means of duplicate determinations on a preparation of disrupted sarcosomes obtained from pig’s heart (see 
under Materials and Methods). All results are expressed as percentages of dry weight. TCA, trichloroacetic acid. 


Ogur & Rosen (1950) method 
A. 


Schmidt & Thannhauser (1945) method 








Extraction procedure 
n-Butanol at 60° for 15 min. 


0-2N-HCIO, at 0°, rapidly 
Total NA phosphorus —_ 


Estimation 
Total lipid 


Acid-soluble phosphates 


RNA phosphorus 
(i) Direct 
(ii) From absorption 


n-HCIO, at 2° for 18 hr. 


DNA phosphorus 
(i) Direct 
(ii) From absorption 
(iii) From deoxyribose 


0-5N-HCIO, at 70° for 30 min. 


c : \ 
Result Extraction procedure Result 
24-0 n-Butanol at 60° for 15 min. 22-4 
— 10% (w/v) TCA at 0°, rapidly _ 
— n-NaOH at 37° for 18 hr. a 
(i) 0-061 Supernatant remaining after (i) 0-421 
(ii) 0-065 addition of 30% (w/v) TCA (ii) * 
(i) 0-089 Precipitate obtained from (i) 0-113 


total NA extract with TCA 
(as above) 


(ii) 0-106 


(ii) 0-095 
(iii) 0-083 


(iii) 0-090 


* No absorption maximum in the range 250-270 mu. 


Extraction of nucleic acids from beet petiole. Ogur 
& Rosen (1950) established that RNA is quanti- 
tatively extracted from maize roots by N-HCIO, in 
18 hr. at about 2°. With whole beet petiole, how- 
ever, this treatment continued to extract material 
absorbing at or near 260 mx. up to 24 hr. (but none 
subsequently up to 30 hr.), even when the material 
was thoroyghly dispersed as described under 
Methods. All extractions of RNA with the Ogur & 
Rosen (1950) procedure (summarized in Table 1) 
were therefore carried out for a total period of 
approx. 30 hr. at about 2—4°. 

As shown in Fig. 1, the absorption spectrum of 
the extract of RNA (curve A) so obtained from beet 
petiole has a well-defined maximum at about 
258 mp. By contrast, however, an extract of total 
NA obtained by treatment of the same tissue with 
0-5N-HCIO, at 70° for 30 min. shows a minimum 
absorption between 250 and 270 mu. (curve D). It 
would be expected, therefore, that an extract of 
DNA (obtained by similar treatment) would show 
an equally unsatisfactory absorption curve. Hence 
DNA phosphorus as estimated from absorption 
could not be expected to correlate well with values 
determined as organic P. 

The résidue remaining after extraction of the 
total NA from whole beet petiole with buffered 
NaCl (see below) was subsequently extracted with 
0-5N-HCIO, at 70° for 30 min. Like the extract of 
total NA obtained with hot 0-5N-HCIO, (curve D), 
this extract also showed a minimum absorption 
between 250 and 270 muy. (Fig. 1, curve C). It 
contained negligible organic P (Table 2). Thus 


treatment of beet petiole with hot 0-5n-HCIO, 
extracts compounds which absorb ultraviolet light 
but which are not NA, a finding similar to that of 
Stafford (1951) with pea seedlings. 


iS 
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Fig. 1. Absorption spectra of extracts of beet-petiole 
preparations obtained with n-HCIO, at 24° for 30 hr. 
(curve A); with buffered NaCl (10%, w/v) at 100° for 
20 min. (curve B); with 0-5n-HCIO, at 70° for 30 min., 
after treatment with buffered NaCl (curve C); and with 
0-5n-HCIO, at 70° for 30 min. (curve D). 


While treatment with N-HCIO, in the cold may 
therefore be satisfactory for extraction of RNA, 
clearly the use of hot 0-5N-HCIO, is not suitable for 
analytical determination of DNA in plant material. 

Extraction of nucleic acids by NaCl. When whole 
beet petiole was extracted with 10% (w/v) NaCl in 
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a boiling-water bath for 20min., the solution 
showed a well-defined absorption maximum at 
260-262 mp. However, the estimate of total NA 
phosphorus based on the absorption at ,,,. 
exceeded the direct estimation of organic P by about 
30%. Better agreement between the two estimates 
of total NA phosphorus was obtained by extracting 
as above with NaCl buffered at pH 4-0 (see Materials 
and Methods) in order to minimize the extraction of 
non-nucleic acid material. Fig. 1 (curve B) shows 
the absorption spectrum of the total NA extracted 
with buffered NaCl. The failure to remove any 
additional NA by further treatment of the residue 
with hot 0-5n-HCIO, (see p. 224, and Table 2) 
indicates that the NaCl treatment is adequate for 
quantitative extraction of NA from beet petiole. 

These results suggested that more satisfactory 
estimates would be obtained by extracting first 
RNA with cold N-HCIO, and subsequently DNA 
with hot buffered NaCl. Where required, total NA 
could be extracted with hot buffered NaCl only. 
This is the basis of the procedure described under 
Materials and Methods. 


COMPOSITION OF BEET CYTOPLASMIC PARTICLES 


Colorimetric estimation of NA sugars 
in extracts of beet petiole 


Table 3 shows that estimation of ribose in 
extracts of particulate preparations from silver beet 
give values for RNA far higher than those obtained 
either by measurements of absorption at i,,,, or of 
organic P. The absorption curves of the coloured 
complexes obtained by the method of Hurlbert e¢ al. 
(1954) suggested that most of the material re- 
sponsible for the colour in extracts of mitochondria 
was, in fact, ribose, but considerable amounts of 
other interfering substances were present in the 
extracts of whole beet petiole. As shown below, 
separation of the NA from interfering compounds 
could not be achieved. Hence the determination of 
ribose was not used to estimate RNA. 

Determination of deoxyribose in extracts of 
mitochondria and microsomes from beet petiole 
by the Ceriotti (1952) procedure gave values of 
DNA phosphorus somewhat greater than those 
obtained by chromatographic estimation of thymine 
(see below). 


Table 2. Comparison of perchloric acid and sodium chloride for extraction of nucleic acids 
from whole beet petiole 


Lipids and acid-soluble phosphates were extracted from dried beet petiole as described under Materials and Methods. In 
Expt. 1, the residue was then treated to extract RNA and DNA separately. In Expt. 2, a second portion was treated to 
extract total NA, and then the remaining material was further extracted with HCIO,. The results are the means of dupli- 
cate determinations and are expressed as percentages of dry weight. 


NA 
phosphorus 
Organic (from u.v. Characteristics of 
Expt. Determination Extraction procedure P absorption) absorption curve 
1 RNA n-HCIO, at 2-4° for 30 hr. 0-036 0-048 Fig. 1, curve A 
DNA 10% (w/v) NaCl* at 100° for 0-030 0-037 Sharp peak at 256 mp. 
20 min. (after extraction of 
RNA) 
2 Total NA 10% (w/v) NaCl* at 100° for 0-063 0-060 Fig. 1, curve B 
20 min. 
Remaining NA 0-5 n-HCI0O, at 70° for 30 min. 0-002 0 Fig. 1, curve C 


(after NaCl extraction) 
* Buffered at pH 4-0 as described under Methods. 


Table 3. Comparative values for RNA in particulate fractions from silver-beet petiole, based on measurement 
of phosphorus, absorption of ultraviolet light, and ribose measurements 


Fractions were obtained from dispersions of whole beet petiole by differential centrifuging as described under Materials 
and Methods. The extracts were prepared as described in the text. The results are expressed as RNA phosphorus/ml. of 


extract, and may be compared only within the one extract. 
RNA phosphorus 





c 


From From u.v. From 

Particulate fraction Solvent organic P absorption ribose 
Mixed plastids, nuclei Cold n-HCIO, 2-8 2-9 10-1 
and mitochondria* Hot 10% (w/v) KCl 6-0 58 39-5 
Mitochondria Cold n-HCIO, 1-8 1-8 3-9 
Hot 10% (w/v) KCl 4-2 4-1 11-7 


* Obtained by centrifuging whole dispersion at 10000 g for 15 min. 
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Precipitation of nucleic acids from extracts 
of beet petiole 


To improve the agreement between estimates 
based on measurements of ultraviolet absorption, 
NA sugar and organic P, an attempt was made to 
precipitate both RNA and DNA quantitatively and 
free from contaminant compounds. The extent of 
precipitation was estimated by measuring the 
absorption at A,,, of either the supernatant, 
obtained by centrifuging, or of the dissolved pre- 
cipitate, as appropriate. 

Organic solvents, including dioxan, methanol, 
ethanol and propanol, and methanol—butanol, 
methanol-diethyl ether and methanol—chloroform 
mixtures were used to precipitate the RNA ex- 
tracted from lipid-free baker’s yeast by hot buffered 
NaCl (10%, w/v). No more than 70% of the RNA 
was precipitated by any of these solvents. 

The conditions for precipitation with protamine 
were more extensively investigated. For precipita- 
tion of yeast RNA and calf-thymus DNA from 
solutions of low ionic strength, the optimum pH 
values were 7:5 and 4-5 respectively, and the 
optimum proportions were 35 mg. of protamine/mg. 
of RNA or DNA. Under these conditions, about 
96 % of the RNA and 85% of the DNA were pre- 
cipitated. 

However, the extent of precipitation of RNA fell 
considerably when the concentration of potassium 
phosphate buffer exceeded 0-08M at pH 7-6. 
Increasing the concentration of sodium acetate 
buffer (pH 4-3) to 0-5m decreased by half the 
amount of DNA precipitated, the effect being almost 
linear with increasing salt concentration up to 
0-5M. 

When yeast RNA was treated for 30 hr. with 
N-HCIO, at 2-4°, only 10-20% was precipitated 
with protamine, even in the presence of added 
methanol. There was little or no precipitation of 
NA from buffered NaCl extracts of whole beet 
petiole unless the salt was removed by dialysis 
against water (Visking cellophan tubing was used). 
However, up to 80% of the NA in the extract was 
lost through the sac during this dialysis. 

It appears therefore that NA is so depolymerized 
by both these treatments (which are used for 
extraction) that quantitative precipitation with 
protamine cannot be obtained. 


Analyses of whole tissue, mitochondria 
and microsomes 


The results obtained with the procedures 
described under Materials and Methods for estima- 
tion of lipids, nucleic acids and proteins are given in 
Table 4. All results are the means of duplicates, 
except that triplicates were used for microsome 
preparation IIT. The maximum variation between 
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replicates was 7%, and usually did not exceed 
4%. 

Table 4 shows that, both in the HClO, and NaC! 
extracts, there is good agreement between esti- 
mates of NA phosphorus based on measurements of 
absorption of ultraviolet light and of organic P. 
However, except in whole beet petiole, the values of 
DNA phosphorus obtained by determination of 
deoxyribose in the NaCl extracts are considerably 
below those obtained from either of the other two 
measurements. 


Analyses of nucleic acids by chromatographic estima- 
tion of bases in extracts from cytoplasmic particles 


Since the analyses (Table 4) showed a marked 
discrepancy between the estimate of DNA based on 
deoxyribose as compared with those obtained by 
other methods, it appeared essential to examine the 
nature of the components in the separate extracts. 
Quantitative estimation of the bases in the HCIO, 
and salt extracts were therefore carried out chro- 
matographically. 

Since previous experience had shown that the 
removal of NaCl from the extracts containing DNA 
was difficult without loss of material, buffered KCl 
was used in place of buffered NaCl for extraction of 
DNA for the analyses of preparation IIT. ' 

Concentration and chromatography of extracts. The 
material remaining from the chemical analyses of 
microsome preparation III (see Table 4) was used. 
The RNA extract (in N-HCIO,) was neutralized 
with 5N-KOH to pH 7-0 with bromothymol blue as 
an external indicator. The solution was cooled to 
0° and the KCIO, removed by centrifuging. The 
supernatant, in a small tube in a water bath at 60°, 
was evaporated to dryness by a stream of air 
directed on to the liquid surface. To remove the 
last traces of KCIO,, the residue was extracted with 
approx. | ml. of water at 0° and centrifuged, and the 
supernatant re-evaporated. With freshly prepared 
HCIO, extracts about 90% of the NA was always 
recovered, indicating little or no adsorption of 
nucleic acid by the precipitates of KCIO,. 

Approx. 11N-HClO, was added to the DNA 
extract (in buffered KCl) at 0° until no further , 
precipitate of KClO, appeared. The HCl produced 
by precipitation of the K* ion was then removed by 
evaporating the supernatant to a constant volume 
at 40° and then freezing and drying in vacuo. The 
residue (containing slight excess of HCIO,) was | 
diluted with 1 ml. of water and the HClO, removed /( 
as described above by neutralization with 5n-KOH. 
The recovery of NA varied from 75 to 90%. 

Chromatograms obtained after hydrolysis with 
11n-HCIO, at 100° for 1 hr. (Marshak & Vogel, 
1950) showed variation in the proportion of purines 
to pyrimidines. Often all spots were partially 


obscured by fluorescent streaks, possibly due 7 
} 
! 
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protein in the original extracts (Wyatt, 1952). Far 
better results were obtained with the formic acid 
procedure of Wyatt & Cohen (1953). 

Duplicate spots (20-50 pl.) of the hydrolysates of 
the extracts, together with markers consisting of 
similar hydrolysates of authentic samples of RNA 
and DNA, were applied to washed Whatman no. 1 
filter papers (approx. 35 cm. x 35 cm.). The bases 
were then separated and estimated as described 
under Materials and Methods. 

Purines and pyrimidines in HClO, and KCl 
extracts. The chromatograms of the N-HCIO, extract 
from beet microsomes III showed four spots 
corresponding in position with guanine, adenine, 
cytosine and uracil in the hydrolysate from 
authentic RNA. Moreover, as shown in Table 5, the 
absorption spectra corresponded closely with the 
spectra of these bases as given by Beavan et al. 
(1955). No thymine was detected in any chromato- 
grams of N-HCIO, extracts of microsomes or of 
mitochondria. Table 5 shows the relative propor- 
tions of bases (in relation to applied NA phosphorus) 
in the HCIO, extract of microsome preparation ITI. 

Chromatograms of the hydrolysate of the 
buffered KCl extract of microsome preparation ITT 


Table 5. 
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showed four spots, identified as guanine, adenine, 
cytosine and uracil by criteria similar to those 
described above. A much weaker fifth spot corre- 
sponded in position with thymine from the hydro- 
lysate of authentic DNA. However, the amount of 
material in the eluate of this spot was insufficient for 
adequate identification by the absorption spectrum 
or by rechromatography in other solvents. How- 
ever, the absorption at 4,,,,. (268 my.) was used to 
obtain an estimate of the maximum possible con- 
centration of this base. The purine and pyrimidine 
composition of the KCl extract is given in Table 6. 

Table 6 shows that the KCl extract contains a 
large proportion of uracil. As shown in Table 5, the 
proportion of uracil in the RNA extracted by 
N-HCIO, is 0-247 mole/0-913 mole of material (i.e. 
0-27 mole/mole of NA phosphorus). If it is assumed 
that the proportion of uracil in the RNA extracted 
by buffered KCl is the same, then the amount of 
RNA phosphorus in this extract may be calculated 
from the uracil estimate (0-243 mole; Table 6) to be 
approx. 90% of the applied NA phosphorus. The 
proportion of thymine in wheat-germ DNA is 
approx. 0-27 mole of thymine/mole of P, as caleu- 
lated from figures given by Chargaff (1955). If it is 


Purine and pyrimidine composition of nucleic acid extracted from beet petiole microsomes 


by extraction with cold N-HCIO, 


o/ 


Extracts were hydrolysed by 88% (v/v) formic acid at 180° for 90 min. and chromatographed according to Wyatt & 
Cohen (1953). Spots were eluted in 0-1N-HCl and the absorption curve was determined in a Beckman spectrophotometer. 
The absorption data of Beaven et al. (1955) were used for the calculation of concentrations of bases. Results are the means 
of duplicate determinations and are expressed as pg. (or mole) of base recovered/yg. (or mole) of organic P applied. 
Wavelengths are expressed in mp. 


Guanine Adenine Cytosine Uracil 
( Observed 250, 268 262 275 261 
max. | From Beaven et al. (1955) 248-5, 275 262-5 276 260 
y { Observed 225 230 238 230 
min- | From Beaven ef al. (1955) 224 229 238-5 228-5 
pg. of base/ug. of P 1-12 0-867 0-853 0-895 
Mole of base/mole of P 0-229 0-199 0-238 0-247 
Recovery (%) =91-3 
Ratios of bases: pee -= ; Aten = nee =0-95. 
Pyrimidines Guanine + cytosine 


Table 6. Purine and pyrimidine composition of nucleic acid extracted from beet petiole microsomes 
by treatment with hot KCl 


Extraction procedure is described under Materials and Methods. Other details are as shown in Table 5. 


Guanine Adenine Cytosine Uracil Thymine* 
Shi 249, 270 262 275 260 i 
alia. 225 230 238 232 _ 
pg. of base/ug. of P 1-10 0-895 0-815 0-880 0-020 
Mole of base/mole of P 0-226 0-205 0-227 0-243 0-005 


Recovery (%) =90-6. 


* The spot running in an identical position with that of thymine showed an unsatisfactory u.v. absorption spectrum, 
suggesting contamination of thymine with other material. Calculations based on this result give a maximum possible 
figure for thymine. 
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assumed that the proportion of thymine in the 
DNA extracted by buffered KCl is about the same 
as in wheat germ, then the amount of DNA phos- 
phorus in the salt extract may be calculated from 
the thymine figure (0-005 mole, Table 6) to be 
approx. 2 % of the applied NA phosphorus. 

Only 91 % of the total NA phosphorus of the KCl 
extract could be accounted for by purines and 
pyrimidines found on chromatography (Table 6). 
Even if the whole of the unrecovered organic P were 
DNA phosphorus, this could not exceed 8-9 % of 
the total NA phosphorus of the KCl extract. The 
estimate of DNA phosphorus in microsome pre- 
paration III by chromatographic methods is 
therefore between 2 and 9% of the total NA 
phosphorus of the buffered KCl extract. However, 
Table 4 shows that the estimate of DNA phosphorus 
(0:0098 % dry weight) based on deoxyribose is 
approx. 22 % of the total NA phosphorus (0-045 % 
dry weight) in the salt extract of the same prepara- 
tion. The estimate based on deoxyribose therefore 
considerably exceeds that obtained from measure- 
ment of thymine. 

In similar studies of extracts of the mitochondrial 
preparations, the estimate of DNA phosphorus 
based on recovered thymine was always less than 
that obtained from measurement of deoxyribose. 

Therefore, the estimate of DNA phosphorus in the 
particle preparations obtained by measurement of 
deoxyribose is probably a maximum and may 
exceed the true figure. The excess NA phosphorus in 
the salt extracts is RNA phosphorus, which may 
be estimated by subtracting the DNA phosphorus 
(estimated from deoxyribose) from the total 
organic P. The true XNA phosphorus figure for any 
preparation is the sum of that extracted by N- 
HClO, and by salt. Table 7 shows the corrected 
nucleic acid composition of the petiole microsomes 
and mitochondria. 
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Percentage distribution of nitrogen, lipid 
phosphorus and NA phosphorus 
Table 8 shows the percentage distribution of total 
dried material, nitrogen, lipid P and total NA 
phosphorus in the various fractions isolated from 
beet petiole. For these analyses, the total NA 
phosphorus was extracted with buffered KCl as 
described under Materials and Methods. 


DISCUSSION 
Analytical procedures 


Iipid analysis. Various workers (for example, 
Ada & Perry, 1954) have shown that failure to 
extract phospholipids completely is a common fault 
of some procedures, such as that of Schmidt & 
Thannhauser (1945), designed to estimate RNA and 
DNA as organic phosphorus. 

Many phospholipids are poorly soluble in solvents 
such as ether and ethanol, frequently used by other 
workers (for example, Ogur & Rosen, 1950). Folch, 
Ascoli, Lees, Meath & LeBaron (1951) found that 
methanol—chloroform quantitatively removes phos- 
pholipids from brain and spinal cord with minimal 
co-extraction of non-lipid material. Morton (1950) 
found n-butanol to be particularly effective in 
splitting lipoprotein complexes. Hence the choice of 
these solvents in the analytical procedure. Final 
washing with ether is necessary, particularly to 
remove n-butanol. 

The use of an homogenizer to disperse the dried 
material greatly facilitates extraction of both lipids 
and nucleic acids. Moreover, the extraction of any 
given fraction is greatly improved, thereby mini- 
mizing the contamination of one fraction with 
another. 

Nucleic acid analysis. There are three methods in 
common use. In that described by Schneider (1945), 


Table 7. Nucleic acid composition of beet petiole mitochondria and microsomes, 
corrected for RNA occurring in the hot salt extracts 


This table is calculated from Table 4 by assuming that the hot salt (KCl or NaCl) extract contains RNA phosphorus 
equivalent to the difference between organic P and DNA phosphorus (as estimated from deoxyribose). All results are 


expressed as percentage of dry weight. 

RNA phosphorus (direct) I 
(a) Extracted by cold HCIO, 0-0165 
(6) Extracted by hot salt 0-0323 

(corrected for DNA phosphorus) 

Total RNA phosphorus 
As organic P [sum of (a) and (0)] 0-049 
From absorption 0-045 

DNA phosphorus 
From deoxyribose 0-0142 

Sum of RNA phosphorus and 0-063 


DNA phosphorus 


Mitochondria 


Microsomes 





Po. pea Cc sp ram. 
II I I Il 
0-0252 0-0245 0-0386 0-0504 
0-0241 0-0357 0-0225 0-0352 
0-049 0-060 0-061 0-086 
0-045 0-053 0-064 0-076 
0-0086 0-0099 0-0085 0-0098 
0-058 0-070 0-070 0-096 
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hot trichloroacetic acid is used to extract both 
nucleic acids together, RNA and DNA being esti- 
mated by colorimetric determinations of ribose and 
deoxyribose. Although apparently satisfactory as 
applied to animal material (Schneider, 1945), 
several workers with plant material (Stafford, 1951; 
McClendon, 1952; Oota, Fujii & Osawa, 1953) have 
failed to obtain good correspondence between RNA 
as based on such sugar estimates and as determined 
by other procedures. The large amounts of pentoses 
(possibly derived from pentosans and polyuronides) 
which occur in the nucleic acid extracts from silver 
beet (Table 3) confirm that this method is un- 
suitable for analysis of plant material. 

The method of Schmidt & Thannhauser (1945) is 
unreliable, since organic phosphorus compounds 
other than RNA occur in the RNA fraction 
(Davidson, Frazer & Hutchison, 1951; Mitchell & 
Moyie, 1951; Davidson & Smellie, 1952; Drasher, 
1953). Moreover, there is very poor correlation 
between determinations of RNA based on absorp- 


tion of ultraviolet light and on direct estimation of 


phosphorus (Table 1). 

However, with the Ogur & Rosen (1950) pro- 
cedure, Stafford (1951) obtained satisfactory 
estimates of RNA in whole tissue and in cytoplasmic 
particles from pea seedlings, with good agreement 
between estimates based on absorption and on 
direct determination of phosphorus. McClendon 
(1952) made similar observations with whole tissue 
and particles separated from tobacco leaves. All 
these workers have shown that no further nucleic 
acid is obtained by extraction with cold perchloric 
acid for longer than 18—24 hr. This has been con- 
firmed in the present study with beet petiole (see 
Results). 

Although Ogur, Minckler, Lindegren & Lindegren 
(1952) found slight traces of DNA in cold perchloric 
acid extracts of yeast, no DNA was found in similar 
extracts obtained from pea seedlings by Stafford 
(1951), from tobacco leaf by McClendon (1952) and 
from beet petiole (‘Table 5). These findings suggested 
that the cold perchloric acid treatment would be 
adequate for the extraction of RNA from beet 
petiole and that any remaining nucleic acid would 
be DNA. However, Tables 5-7 show that, although 
cold perchloric acid extracts only RNA, it does not 
quantitatively remove it. About half of the RNA 
remains in the tissue. Cold perchloric acid also fails 
to extract quantitatively the RNA from influenza 
virus (Ada & Perry, 1954) or from mammary gland 
microsomes (Bailie & Morton, in preparation). 

After removal of RNA, Ogur & Rosen (1950) 
extracted the remaining nucleic acid by treatment 
for 20-30 min. with perchloric acid (0-5N) at 70°. 
However, Stafford (1951) showed that material 
absorbing ultraviolet light was still removed in the 
third wash with hot perchloric acid, and both 
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Table 8. Distribution of dry weight, nitrogen, lipid P and nucleic acid P in cytoplasmic fractions isolated from silver-beet petiole 
Fraction 


Fractions were isolated from dispersions of beet petioles (see under Materials and Methods; also Martin & Morton, 1956a). The analyses were carried out as described 


under Materials and Methods, the total NA being extracted with hot NaCl, and the extraction of RN 
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Stafford (1951) and McClendon (1952) found the 
absorption of the hot perchloric acid extract un- 
reliable for the estimation of nucleic acid. This has 
been confirmed in the present investigation (see 
Results and Fig. 1). This defect is most apparent 
with whole plant material. 

Numerous workers have employed hot sodium 
chloride solutions for extracting nucleic acids (see 
Volkin & Cohn, 1954), but the extraction has not 
been considered sufficiently quantitative for an- 
alytical purposes (Davidson & Smellie, 1952). 
However, Ada & Perry (1954) have shown that 
extraction of lipid-free influenza virus with hot 
10 % (w/v) sodium chloride completely removes the 
nucleic acid (RNA). The extraction of DNA with 
buffered sodium chloride at about 100° in place of 
the treatment with hot perchloric acid was therefore 
investigated. Fig. 1 shows that the material ex- 
tracted by hot sodium chloride is essentially nucleic 
acid. Moreover, there is good agreement between 
estimates based on 4,,,, and on phosphorus (see 
Results and Table 2). Fig. 1 and Table 2 also 
establish that the extraction of nucleic acid is com- 
plete. However, by use of paper chromatography it 
has been shown that the extract obtained by hot salt 
after treatment with cold perchloric acid contains 
predominantly RNA with some DNA (see Table 6). 

The estimation of DNA in the hot sodium chloride 
extract by measurement of deoxyribose exceeds 
that based on the concentration of thymine 
(Tables 4 and 6). For the latter estimate, however, 
the base composition of the particular DNA is 
required. Among plant tissues, this has been 
established only for wheat-germ DNA. The estimate 
based on deoxyribese is therefore taken as giving a 
maximum figure for DNA, which probably some- 
what exceeds the true value. 

It seems evident that none of the methods so far 
investigated for the differential extraction of RNA 
and DNA can be applied to any tissue without prior 
investigation of the validity of the separation. 
Estimates of RNA and DNA based on the quanti- 
tative chromatographic isolation of purines and 
pyrimidines would appear to be the most reliable 
method for differentiating RNA and DNA, but the 
application of such procedures is limited by the lack 
of information about the base composition of the 
nucleic acids in the particular tissues being studied. 
Where an estimate of total NA only is required, 
extraction with hot sodium chloride solution and 
correction of the ultraviolet absorption with bovine 
serum albumin as described by Ada & Perry (1954) 
has much to recommend it. 


Comparative chemical properties of microsomes and 
mitochondria from petiole of silver beet 


The analyses reported here (Tables 4, 7 and 8) 
have been carried out on particles isolated by 
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differential centrifuging from buffered 0-2M sucrose. 
The difference in enzymic properties clearly indi- 
cates that the isolated particles are derived from 
distinct cytoplasmic components (Martin & Morton, 
1956a). The chemical analyses of the washed micro- 
somes and mitochondria also reflect this difference, 
although the chemical distinctions are not as 
marked as the enzymic differences. 

As in the similar particles from various animal 
tissues (see Ada, 1949), the lipid content of the 
beet microsomes (49-57%) is considerably higher 
than that of the mitochondria (about 39% of the 
dry weight; Table 4). The results for beet mito- 
chondria are in agreement with Stafford’s (1951) 
finding that mitochondria from pea seedlings con- 
tain 25-38% of dry weight as lipid. However, 
Levitt (19544, b) has reported lipid of ‘microsomes’ 
and mitochondria from potato tubers as 12 and 
22% of the dry weight respectively. 

The microsomes and mitochondria of silver-beet 
petiole differ even more markedly in the content of 
phospholipids (Table 4), the microsomes containing 
almost three times the amount of lipid phosphorus 
found in the mitochondria. Lipid and protein 
account for over 90 % of the dry weight of the beet 
microsomes. These results indicate the quantitative 
importance of the lipid component, which is 
probably an essential structural requirement for the 
endoplasmic reticulum from which microsomes are 
derived. 

Table 9 compares the nucleic acid composition of 
microsomes and mitochondria from silver beet with 
the composition of the similar components from 
some animal and plant tissues. Whereas microsomes 
from animal tissues contain up to about 150 pg. of 
RNA phosphorus/mg. of protein nitrogen, those 
from silver beet contain about 10—-24yg. of RNA 
phosphorus/mg. of protein nitrogen. However, 
mitochondria from beet petiole resemble mito- 
chondria from some animal tissues. Microsomes and 
mitochondria from silver beet do not differ markedly 
in their nucleic acid contents (Tables 7 and 9), 
in contrast to the marked difference between 
these particles as isolated from animal tissue 
(Table 9). 

The amount of RNA/mg. of protein nitrogen 
found for beet microsomes and mitochondria is, in 
each case, lower than the figures reported for the 
other plant tissues. The higher figures obtained by 
Stafford (1951) may possibly reflect the higher 
metabolic activity of pea seedlings as compared 
with the mature tissue in beet petiole. The results 
reported by Levitt & Millikan (1954) for mito- 
chondria and microsomes of potato tuber are based 
entirely on estimation of ribose with the orcinol 
procedure. As shown above, this procedure is 
unreliable as applied to silver-beet and some other 


plant tissues. 
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Using a method that combines features of that of 
Schneider (1945) with that of Ogur & Rosen (1950), 
Oota & Osawa (1954) determined the nucleic acid 
composition of particles from germinating bean 
hypocotyls. The very high figures obtained by these 
workers (Table 9) may reflect the greater metabolic 
activity of bean hypocotyls as compared with other 
plant material. Since these workers have claimed to 
establish a relationship between microsomal nucleic 
acid and protein synthesis, some evidence for the 
reliability of the estimations would have been 
desirable. 

Table 7 shows that both washed mitochondria 
and microsomes from beet petiole contain DNA, 
identified by the specific Ceriotti (1952) reaction for 
deoxyribose and by the chromatographic detection 
of thymine. Schneider, Hogeboom & Ross (1950) 
and Bailie & Morton (in preparation) have found 
small amounts of DNA in microsomes and mito- 
chondria isolated from animal tissues, and Stafford 
(1951) reported some DNA in particles isolated 
from pea seedlings. This small amount of DNA 
could possibly arise from damaged nuclei. How- 
ever, since the procedure used for disruption of the 
beet petiole caused very little damage to fragile 
chloroplasts (Martin & Morton, 1956a), the damage 
to the more robust nuclei should be negligible. 
A similar amount of DNA was found in microsomes 
isolated from wheat roots (Martin & Morton, 
19566). Hence it seems improbable that the 
DNA is a nuclear contaminent, but rather that it 
is an integral component of some cytoplasmic 
particles. Chayen & Norris (1953) demonstrated the 
presence of DNA in the cytoplasm of bean-root cells 
by histological methods. In the light of these 
findings, it would seem important to determine 
whether the cytoplasmic DNA has the same base 
composition as the nuclear DNA from the same cells. 


The low nucleic acid content of plant microsomes 


Washed microsomes from beet petiole (and from 
most other plant tissues) have a relatively low 
nucleic acid content as compared with microsomes 
from animal tissue (Table 9). It is unlikely that the 
low figure results from the preparative procedure, 
even though the isolated particles were generally 
rapidly washed twice with 0-15m sodium chloride 
(see Martin & Morton, 1956a) to remove sucrose for 
estimation of dry weights. Dianzani (1953), for 
example, showed that only about 5% of the RNA 
was lost when liver mitochondria were washed with 
0-15M sodium chloride. Although on a dry-weight 
basis washing removed an appreciable amount of 
nucleic acids, both from beet mitochondria and 
microsomes (Table 8), when expressed as pg. of 
nucleic acid phosphorus/mg. of protein nitrogen 
(Table 9), the loss is only 30 % for mitochondria and 
is negligible for microsomes. This suggests that the 


MORTON 


~ 


3-0 


1-3-2-7 
2 


DNA 


9-6-24-0 
44-2* 


Microsomes 
sees 
RNA 

38-7 
82-5 
48-123 
40-6* 

148 





Total NA 
41-1 
87-7 


10-9-26-7 


-— 


~ 


1-2-2-3 


DNA 
3-6-4-4 


s phosphorus phosphorus phosphorus phosphorus 


6-8-8-0 
9:2-9-5 
10-5 
37-80 
17-9* 
13-1* 


RNA 
136-207*} 


Mitochondria 


12-0 





15-2 
29-3 


8-0-10-3 
12-8-13-9 


Total NA 


phosphorus phosphoru 


Unwashed 


Washed 


Washed 
Unwashed 


Washed 
Washed 
Unwashed 
Washed 
Washed 


particles 
Unwashed 


Treatment of 


54) 


Reference 


Tables 4 and 7, this 
(in preparation) 


(19560) 
Stafford (1951) 


paper 
Martin & Morton 


Oota & Osawa (1954) 
Levitt & Millikan (19 
Hogeboom (1949) 


Bailie & Morton 


procedure 


Results are expressed as yg. of nucleic acid P/mg. of protein nitrogen (or, where indicated, per mg. of total nitrogen), 
Analytical 


Ogur & Rosen (1950) 


Schneider (1945) with 
Schneider (1945) 


Ogur & Rosen (1950) 
Schneider (1945) 


This paper 
This paper 


Tissue 
erminating wheat 


Table 9. Comparison of nucleic acid compositions of mitochondria and microsomes from silver-beet petiole with those of similar particles from other tissues 
root 


Cow mammary gland This paper 


Germinating bean 


Beet petiole 
Pea seedlings 
hypocotyl 
Potato tuber 

Rat liver 


‘ 
¥ 


G 


r 





1956 


~ 

S 
s 
os 


4), together with lipid and protein analyses of Levitt (195 


5 


sid P/mg. of total nitrogen. 
culated from nucleic acid figures reported by Levitt & Millikan (19 


* ug. of nucleic ac 


+ Figures cal 





956 


~ 
S 
S 
~~ 
ie) 
oo 
= 
~ 
» 
_ 
= 
- 
4 
Se 
3 
nD 
y 
2 
a 
=} 
3 
= 
eS 
= 
= 
Ly 
» 
° 
& 
on 
s 
S 
= 
S 
S 
~ 
= 
5 
_ 
= 
a 
<= 
~ 
= 
S 
— 
o 
= 
= 
~ 
x 
oy 
ao 
— 
+ 
w) 
a 
= 
~— 
< 
Ss 
“4 
= 
=] 
» 
~ 
= 
> 
S$ 
_ 
a 
2 
~ 
oS 
o 
- 
mB 
s 
oy 
Y 
Pa 
n 
2 
a 
b0 
= 
— 
oS 
= 
o 
CS 
2 
= 
= 
oS 
= 
= 
= 
= 
a 
= 
= 
Oo 
° 
5 
ser) 
— 
5 
re) 
CS 
= 
= 
LJ 
= 
s 
U 
2 
2 
a 
= 
bo 
= 
_ 
= 








Vol. 64 


material removed in the washing treatment may be 
merely adsorbed to the particles and is not an 
integral component of them. The microsomes are 
largely derived by rupture of the endoplasmic 
reticulum of plant cells, and consist of vesicular 
elements comprising a distinct membrane enclosing 
some ill-defined material (Hodge, Martin & Morton, 
in preparation). Components of the ‘cell sap’ or 
‘supernatant fraction’ may well be occluded by the 
microsomes on rupture of the endoplasmic reti- 
culum, and subsequently lost in washing treatments. 
Hence the washing treatments must be a com- 
promise between removal of adsorbed material, 
and loss of components integrally associated with 
the endoplasmic reticulum in vivo. The same argu- 
ments apply to the mitochondria which swell 
osmotically in hypotonic solutions (Slater & Cleland, 
1953; Farrant, Robertson & Wilkins, 1953) 
possibly with loss of some components such as 
nucleic acids. 

However, comparable analyses of microsomes 
from cow mammary gland similarly washed show 
that these contain about 0-7 % total nucleic acid 
phosphorus (Bailie & Morton, in preparation), 
whereas those from beet petiole contain less than 
0:1% (Table 7). Moreover, the analyses of un- 
washed beet particles leave no doubt of the low 
nucleic acid content in beet microsomes. The good 
agreement obtained between estimates based on 
organic phosphorus, absorption of ultraviolet light 
and chromatographic determination of uracil and of 
thymine establishes the validity of the figures 
reported. 

Electron-micrographs of thin sections of fixed 
material show that, both in animal (Palade & 
Porter, 1954; Palade, 1955) and plant (Hodge, 
Martin & Morton, in preparation) cells, the endo- 
plasmic reticulum has associated with it electron- 
dense granules of about 5-15 my. diameter. 
Similar observations of thin sections of isolated 
microsomes show that these are derived from the 
endoplasmic reticulum and consist of a mixture of 
vesicular elements and the electron-dense granules 
(Hodge, Martin & Morton, in preparation). Pre- 
liminary findings of Palade & Seikevitz (1955) 
indicate that the latter granules contain most of the 
nucleic acid of microsomes, and the less dense 
vesicles consist mostly of protein and lipid material. 
Comparison of electron-micrographs of the micro- 
some fractions isolated from various tissues 
(Hodge & Morton, 1956) shows that the number 
of electron-dense granules is greatest in the micro- 
somes fraction from cow mammary gland, less 
in that from wheat root and least in microsomes 
from beet petiole. The nucleic acid contents of the 
isolated microsomes show a similar gradation 
(Table 9). Although strictly quantitative informa- 
tion is not available, these observations confirm that 
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most of the nucleic acid of the microsomes occurs in 
the Palade granules. Thus the low nucleic acid 
content of beet microsomes reflects the difference in 
the endoplasmic reticulum of the mature petiole 
cells as compared with that of young wheat-root 
cells or of secretory animal cells. 

Although treatment with cold perchloric acid 
extracts between 40 and 60 % of the RNA of micro- 
somes and mitochondria, no further RNA is ex- 
tracted even by prolonged treatment with this 
solvent. Hot sodium chloride extracts the remain- 
ing RNA (Tables 2 and 7). Hence beet petiole 
appears to contain two types of RNA. Stafford 
(1951) suggested such a possibility after her study of 
the RNA content of pea seedlings. 

The estimations of deoxyribose, as well as of 
thymine, establish that only a small portion of the 
nucleic acid in the hot sodium chloride extract is 
DNA (Tables 4, 6 and 7). Similar observations on 
microsomes from cow mammary gland show that 
most of the RNA of these particles is extractable 
with cold perchloric acid but some is extractable 
only with hot sodium chloride (Bailie & Morton, in 
preparation). While it has not yet been ascertained 
whether these solubility differences are due to 
differing degrees of polymerization or to a difference 
in the strength of the bonds holding the RNA in the 
nucleoprotein complex, it is possible that one type 
of RNA is concerned in structural elements of the 
particles and the other is functional in metabolic 
processes. Comparison of the results obtained with 
the microsome fractions from animal and plant 
tissue, together with the electron-micrographs 
already discussed, suggest that the RNA extract- 
able with cold perchloric acid may be associated 
mainly with the Palade granules, and the other type 
of RNA may be an integral structural component of 
the lipoprotein complex. It is hoped to be able to 
clarify this point by studies with radioactive 
phosphorus. 


Distribution of nitrogen, phospholipid 
and nucleic acids in beet petiole 


The distribution studies (Table 8) show that much 
of the cellular dispersion appeared in the fraction 
isolated at low centrifugal force (1500 g for 15 min.). 
This contains nuclei and plastids, as well as ‘debris’ 
from broken cells. Microsomes constitute a re- 
latively low proportion of the total cytoplasmic 
constituents in this mature and comparatively 
dormant tissue. 

No special significance is claimed for the per- 
centage distribution of phospholipid and nucleic 
acid among the various cytoplasmic components. 
The microsome fraction from animal cells contains 
up to 60 % of the total RNA of the cell (Schneider & 
Hogeboom, 1951). When only the results based on 
unwashed particles (Table 8) are considered, it is 
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seen that much less of the total nucleic acid of beet 
petiole is localized in the microsome fraction. Much 
of the nucleic acid (about 23% of the total) and 
most of the nitrogen (about 72% of the total) is 
found in the supernatant fraction remaining after 
centrifuging at 50 000 g for 90 min. Undoubtedly 
more material would have been sedimented at 
higher centrifugal forces. It is likely that some, if 
not all, of the nucleic acid of the supernatant fraction 
is associated with Palade granules separated from 
the endoplasmic reticulum and the derived micro- 
somes during the isolation of the cytoplasmic 
particles. 


SUMMARY 


1. Dispersions of whole beet petiole, and micro- 
somes and mitochondria separated from such dis- 
persions by differential centrifuging, have been 
analysed to determine the lipid, nucleic acid and 
protein contents. 

2. To establish the validity of the analytical 
procedures for determination of ribonucleic acid 
(RNA) and deoxyribonucleic acid (DNA), agree- 
ment between estimates based on absorption of 
ultraviolet light, organic phosphorus and ribose (or 
deoxyribose) was sought. Several published 
analytical procedures were shown to be unsatis- 
factory. Estimates of RNA based on determination 
of ribose were considerably above the true value. 

3. An improved analytical procedure for deter- 
mination of RNA and DNA in plant materials is 
described. The validity of the separation of RNA 
and DNA was examined by estimation of uracil and 
thymine isolated from hydrolysates with paper 
chromatography. No method of differential ex- 
traction of RNA and DNA was found to be satis- 
factory. 

4. The microsomes and mitochondria from beet 
petiole contain two types of RNA: one extractable 
with cold N perchloric acid, and the other not 
extractable with this solvent but extractable with 
10 % (w/v) sodium chloride at 100° for 20 min. It is 
suggested that the former type is associated pre- 
dominantly with Palade granules, and the latter 
type with structural lipoprotein material. 

5. Mitochondria and microsomes of beet petiole 
differ considerably in their content of lipid, particu- 
larly of phospholipid. Lipid and protein comprise 
over 90 % of the dry weight of beet microsomes. The 
mitochondria and microsomes differ only slightly in 
their content of nucleic acids. 

6. The distribution of nitrogen, phospholipid and 
nucleic acids among the fractions from dispersions 
of beet petiole was examined. About 72% of the 
nitrogen and about 23 % of the nucleic acid remained 
in the supernatant after centrifuging at 50000 g for 


90 min. 
7. There are fewer Palade granules associated 
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with microsomes from beet petiole than with the 
microsomes from animal tissues. This probably 
accounts for the lower nucleic acid content of beet 
microsomes as compared with microsomes from 
animal tissues. 
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Transaminations with L-Glutamate and «a-Oxoglutarate 
in Fresh Extracts of Animal Tissues 


By E. V. ROWSELL* 
Department of Biochemistry, University of Cambridge 


(Received 27 October 1955) 


When the present work was begun current opinion 
was that biological transamination involved only 
glutamic, aspartic and cysteic acids and alanine 
(Cohen & McGilvery, 1949); subsequently Feld- 
man & Gunsalus (1950), using bacterial extracts, 
demonstrated syntheses of phenylalanine and tyro- 
sine by transaminations with L-glutamate, and 
Cammarata & Cohen (1950) observed transamina- 
tion to «-oxoglutarate, with soluble extracts of 
freeze-dried pig tissues, from a wide range of 
L-“-amino acids. 

We first investigated the possibility that L-gluta- 
mine, rather than L-glutamate, might function as 
an amino donor to some «-keto acids. With homo- 
genates and washed sedimentable particles of rat 
liver, the formation of phenylalanine was observed 
chromatographically from phenylpyruvate and L- 
glutamine, but greater formation was indicated in 
L-glutamate controls. Transamination with p- 
hydroxyphenylpyruvate and L-glutamate, forming 
tyrosine, was also observed, and from some L-«- 
amino acids to «-oxoglutarate. Transaminases 
which catalyse the formation of phenylalanine and 
tyrosine were located in the sedimentable particles 
of fresh rat-liver homogenates, in particular in 
mitochondria. A preliminary report of this work has 
been published (Hird & Rowsell, 1950), and a 
detailed account is now presented. 

The formation of leucine by transamination is also 
described. Transamination in other fresh tissue 
extracts is reported, and more quantitative data 
have been obtained with a recording photodensito- 


* Present address: Department of Biochemistry, 


University of Sheffield. 


meter on paper chromatograms, and with bacterial 
amino acid decarboxylases. Observations with the 
same tissue preparations indicate that transamina- 
tion to «-oxoglutarate is a more powerful mechanism 
than aerobic oxidation, for the deamination of 
L-«-amino acids. 


MATERIALS AND METHODS 


Phenylpyruvic acid. This was synthesized from freshly 
distilled benzaldehyde via f-acetamidocinnamic 
(Herbst & Shemin, 1939). It was recrystallized from benzene. 

p-Hydroxyphenylpyruvic acid was synthesized by the 
same procedure, with p-hydroxybenzaldehyde as starting 
material. The solid acids were kept in sealed tubes at 
- 15°. 

a-Oxoisocaproic acid was prepared by the enzymic 
deamination of pb-leucine. An acetone-dried powder of 
sheep-kidney cortex was prepared and extracted with 
0-1m sodium pyrophosphate buffer, pH 8-3, according to the 
method of Keilin & Hartree (1936). After dialysis against 
buffer, observations were made, with Warburg mano- 
meters, to determine conditions for a large-scale oxidative 
deamination. Then 1] g. of pt-leucine was dissolved in water 
and added to the bulk of the extract. Incubation was at 30° 
for 12 hr. with continuous aeration. (Samples were with- 
drawn for examination in manometers, and it was observed 
that a high level of oxidation was maintained for the whole 
period.) At the end of the incubation proteins were pre- 
cipitated by heating, after adjusting to pH 3-0 with conc. 
HCl. Denatured protein was centrifuged down and the 
supernatant evaporated to dryness at 60° under reduced 
pressure. From the solid residue «-oxoisocaproic acid was 
brought into ether solution in a Soxhlet extractor. Evapor- 
ation of the ether solution produced asyrup which solidified 
in vacuo. The yield was poor (about 50 mg.) and it was 
therefore decided to use this crude product without further 
purification. 


acid 
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Oxaloacetic acid (Wohl & Oesterlin, 1901) and «-oxo- 
glutaric acid (Friedman & Kosower, 1946) were synthesized 
by Mr B. R. Slater of the Department of Biochemistry, 
Cambridge. Pyruvic acid was redistilled and stored at 0° as 
an 0-33M aqueous solution at pH 5-4. «-Keto acids were 
dissolved and brought to the pH of the tissue preparation 
immediately before use. 

L-a-Amino acids were obtained from Roche Products Ltd., 
Welwyn Garden City. L-Glutamic and L-aspartic acids were 
neutralized before use. When L-tryptophan was used, 
12-2 mg. of the solid was added to an incubation volume of 
2-0 ml. to give a 0-03 M solution. With L-tyrosine an excess of 
solid was used to give a saturated solution in the incuba- 
tions. With DL-amino acids amounts were used to give the 
required concentration of the L-isomer. 

Buffer solutions. Phosphate buffers were made up from 
appropriate mixtures of Na,HPO, and KH,PO, solutions. 


Tissue preparations 


Norwegian piebald rats were killed by bleeding, after 
stunning. The liver (about 9 g.) was immediately removed 
to crushed ice. It was finely chopped with scissors, homo- 
genized in a Potter-Elvehjem homogenizer (Potter, 1949) 
with 10 ml. of 0-1m phosphate buffer, pH 7-4, at 0°, and 
strained through cotton gauze. 

Sedimentable particles. The homogenate was centrifuged 
in the high-speed head of a refrigerated centrifuge (Inter- 
national) at 0° and 10 000g for 30 min. The supernatant 
was set aside for further treatment or discarded. The 
sediment was usually washed three times by dispersion in 
50 ml. of 0-1m phosphate, pH 7-4, followed by re-sedimenta- 
tion (10000 g for 20 min.). The sedimented particles were 
finally taken up to 15-20 ml. in 0-02m phosphate, pH 7-4. 
Experiments with particles preparations were started about 
4 hr. after the death of the animal. 

Supernatant fractions of rat-liver homogenates. These were 
clarified by centrifuging twice at 18000 g in the refrigerated 
centrifuge for 1 hr., followed by gravity filtration through 
Whatman no. 42 paper. After dialysis against 0-1m phos- 
phate buffer, pH 7-4, at 0-5°, and again centrifuging at 
18000 g, the volume was made up to 10-15 ml. with buffer. 
Experiments with supernatant fractions were normally 
started on the day following the death of the animal. 

Mitochondria were prepared by differential centrifuging 
from rat liver homogenized in 0-88 sucrose, according to 
the procedure of Hogeboom, Schneider & Pallade (1948). 
After washing with 0-88 sucrose, the sedimented mito- 
chondria were dispersed in 15 ml. of 0-02m phosphate, 
pH 7-8. 

Rat-liver acetone-dried powder was prepared according to 
a method for pig liver (Keilin & Hartree, 1936). A soluble 
extract was obtained by grinding 3 g. of powder with 30 ml. 
of 0-lm phosphate buffer, pH 7-7, in a mortar. After 
extraction for 30 min. the mixture was centrifuged. The 
supernatant was poured off, and the sediment was dispersed 
in 30 ml. of buffer. Both fractions were dialysed against 
buffer. 

Other tissues were treated as for rat liver to obtain 
suspensions of sedimentable particles, and supernatant 
fractions. Two rat kidneys were used to obtain 10 ml. of 
particles and 7 ml. of supernatant. Pig liver (10 g.; ob- 


tained from the abattoir) gave 15 ml. of both particles and 
supernatant. Two mouse livers, combined weight 5 g., gave 
10 ml. of both particles and supernatant. A chicken liver 
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gave 20 ml. of particles, and a pigeon liver (5 g.) yielded 
11 ml. of unfractionated dialysed homogenate. Except for 
pig liver all tissues were obtained from freshly killed animals, 

Dry weights of tissue preparations were obtained after 
4-5 hr. at 100°. Dry weights for buffer alone were sub- 
tracted. 

Incubations were at 37° under N,. Except where other- 
wise indicated, test tubes were used and the total volume 
was 2-0 ml., including substrates and 1-0 ml. of tissue pre- 
paration. The reactions were stopped by the addition of 
warm ethanol, usually 8-0 ml. The denatured protein was 
removed by centrifuging and the supernatants were 
evaporated to dryness at 60—70° under reduced pressure. 
For chromatography, the solid residues remaining in the 
evaporation flasks were dissolved in a known volume 
(usually 2-0 ml.) of water. 

For photodensitometer measurements, reactions were 
stopped by heating the test tubes in boiling water for 3 min. 
The denatured protein was centrifuged down and the super- 
natants were taken for chromatographic analysis. 

All solutions awaiting analysis were stored at — 15°. 


Paper chromatography 


The ascending-boundary technique was normally em- 
ployed, with Whatman no. 1 paper. Collidine—lutidine 
(1:1, v/v) saturated with water (Dent, 1948), propan-1-ol- 
water (4:1, v/v) and phenol saturated with water (Dent, 
1948) have been used to separate the monoaminomono- 
carboxylic «-amino acids from glutamate. Water-saturated 
phenol gave spots varying in area and intensity according to 
the amount of amino acid present. It was used where amino 
acid syntheses were assessed by visual comparison with 
known amounts. Propan-l-ol-water gave more compact 
spots and has been preferred for photodensitometer estima- 
tions. Water-saturated phenol and phenol-acetic acid- 
water (4:5:5, by vol.) have been used to separate glutamic 
and aspartic acids. Samples (1 or 5 yl., or 10 wl. for low con- 
centrations) of incubation extracts and amino acid standards 
were run. Since only two amino acids were involved, short 
runs (about 7 in.) were enough usually to achieve adequate 
separation in the appropriate solvent. Papers were dried in 
a stream of warm air, sprayed with 0-25% ninhydrin in 
water-saturated n-butanol and heated at 80° for 10 min. 

In some experiments more objective assessments have 
been made with a recording reflexion photodensitometer 
(Model 2SR, Joyce, Loebl and Co. Newcastle upon Tyne). 
After separation and colour development, strips have been 
cut out across the paper, including all glutamic acid spots. 
Absorptions have been plotted, and glutamic acid, formed 
by transamination, was evaluated by comparing the weights 
of paper cut out under the absorption curves. Examples are 
given of such curves (Fig. 1) to indicate the sensitivity of the 
method and the variation in the background absorption. 
Duplicate 5-11. samples of L-glutamate solutions, in the 
range 0-2-0 mg./2-0 ml. have been compared on the same 
chromatograms with the photodensitometer. Good agree- 
ment was observed but the amounts of glutamate applied 
and the absorptions observed were not in linear relationship. 
Moreover, variations were observed for the same amounts 
of glutamate on different paper chromatograms. It was 
necessary to run incubation extracts with standards close in 
concentration on the same chromatogram. 

With the photodensitometer, incubation extracts have 
been matched with one of a series of standards in the range 
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Fig. 1. Typical absorption curves, from strips containing glutamate spots, plotted with a recording photodensitometer 
after separation on paper chromatograms. Weights of paper (mg.), cut out under absorption curves, are shown. Extracts 
of 2-0 ml. incubation samples (supernatants taken after heat coagulation and removal of protein): (a), (f) and (J), 
x-oxoglutarate sole substrate; «-oxoglutarate and (d) L-methionine, (h) L-tyrosine, and (/) t-leucine. [(a),(d),(f)and 
(h) with rat-liver particles; (j) and (/), rat-kidney particles.] Standards: glutamate/2-0 ml., (6) 0-1 mg., (c) 0-3 mg., 
(e) and (g) 0-5 mg., (i) and (k) 1-0 mg., (m) 2-0 mg.; 5-lyl. samples were run on ascending chromatograms, Whatman 


no. 1 paper, in propan-1-ol—water. 


(0-2-0 mg./1-0 ml. (differing by 0-1 mg./2-0 ml.). In order to 
work in its range of greatest sensitivity, incubation extracts 
were diluted, where necessary, to bring them below 2-0 mg. 
of glutamate/2-0 ml. 


Manometric analyses of L-tyrosine and L-glutamate 


The amounts formed or disappearing by transamination 
have been determined in some experiments, with specific 
bacterial decarboxylases (Gale, 1948). 

An acetone-dried powder of Streptococcus faecalis 
(N.C.T.C., no. 6783), provided by Dr W. G. Crewther, was 
used in suspension in 0-2 M sodium citrate—phosphate buffer, 
pH 5-5, as a source of specific L-tyrosine decarboxylase. 

Washed suspensions of Clostridium welchii SR12 
(N.C.T.C., no. 6784) were used as a specific L-glutamic acid 
decarboxylase. Cultures were provided by Dr E. F. Gale 
and the organism was grown for about 16 hr. at 30° (Gale, 
1948). 

For L-glutamic acid decarboxylase assay, reactions were 
stopped by adding 5 ml. of warm ethanol to each 2-0 ml. of 
reaction mixture. Denatured protein was centrifuged down 
and the supernatant retained. The sediment was re-extracted 
with 7 ml. of ethanol—-water (5:2, v/v) and again centri- 
fuged. The combined supernatants were evaporated to a 
small volume under reduced pressure at 50-60° and dried in 


a desiccator. For manometric analysis, residues were dis- 
solved in a known volume of 0-2Mm sodium acetate buffer, 
pH 4-6. Following this sequence of operations, 99% 
recovery was ubserved after adding 50umoles of L-glutamic 
acid to 1-0 ml. of washed rat-liver particles to give a total 
volume of 2-0 ml. 

Q,7 values (Cohen & Hekhuis, 1941) have been calculated 
in some cases; where possible (L-tyrosine and L-glutamate 
decarboxylase estimations), from manometric data, other- 
wise from the formula 

pmoles of amino acid x 22-4 


mg. dry wt. of tissue x time in hr. 


RESULTS 


Formation of phenylalanine, tyrosine and 
leucine by transamination 


Phenylpyruvate, p-hydroxyphenylpyruvate and 
“-oxoisocaproate, each 0-03M, were separately 
incubated for 1 hr. with 0-06m L-glutamate, with 
washed particles of rat liver. Chromatography 
indicated that phenylalanine, tyrosine and leucine 
respectively were formed (Fig. 2). Control incuba- 
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tions with each «-keto acid, or with each «-keto acid 
and ammonia (Fig. 2) or with L-glutamate as sole 
substrate, gave little or no amino acid synthesis. 
Controls with boiled-liver preparation gave no 
amination of the «-keto acids by L-glutamate. 

The liver preparation had not been completely 
washed free of endogenous amino acids (Fig. 2). In 
subsequent experiments particles were more 
thoroughly washed (see Methods section). Chro- 
matograms were then obtained on which the only 
amino acid spots visible were those of added sub- 
strates or reaction products. 

With incubations under N, it is unlikely that 
there could have been any considerable oxidation 
of L-glutamate. Nevertheless, the possibility was 
investigated that the amination of the «-keto acids 
might require the metabolic products of L-glutamate 
oxidation, namely «-oxoglutarate, ammonia and 
reduced diphosphopyridine nucleotide (Dewan, 
1938), rather than glutamate itself. The first experi- 
ment was repeated, with phenylpyruvate and p- 
hydroxyphenylpyruvate, with some different con- 
trols. These contained 0-03mM phenylpyruvate or 
0-03M p-hydroxyphenylpyruvate, 0-06M ammo- 


nium «-oxoglutarate and a metabolic supply of 


reduced diphosphopyridine nucleotide. This was 
Phenylpyruvate 


2 3 
“ay ~~ & 
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provided by 0-1m £-hydroxybutyrate and diphos- 
phopyridine nucleotide (0-5 mg./ml.), after the 
observation had been made manometrically that 
washed particles of rat liver contain a powerful 
B-hydroxybutyrate dehydrogenase. Controls with 
phenylpyruvate or p-hydroxyphenylpyruvate as 
sole substrate were also included. Chromatography 
again showed amination of phenylpyruvate and 
p-hydroxyphenylpyruvate after incubation with 
0:06m L-glutamate. Trace formations of phenyl- 
alanine and tyrosine were observed in the respective 
controls where ammonium «2-oxoglutarate was 
present. Glutamate formation also was observed 
chromatographically in these controls, presumably 
from ammonia, «%-oxoglutarate and f-hydroxy- 
butyrate, by reactions of dehydrogenase coupled 
with diphosphopyridine nucleotide (Dewan, 1938). 
It was concluded that the observed amination of 


a-keto acids was by transamination from L- 
glutamate. 


Comparison of sedimented particles with super- 
natant for transaminations with L-glutamate. With 
dialysed supernatants of rat-liver homogenates 
transaminations were observed chromatographic- 
ally with pyruvate or oxaloacetate and L-glutamate, 
but not with phenylpyruvate or p-hydroxyphenyl- 


a-Oxoisocaproate 


sgoreeee nanan, 
7 8 9 10 1 12 


@. 26. 
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homogenate particles were twice sedimented in 30 ml. of 0-Im phosphate, pH 7-4, at 5000 g for 15 min. and then 
dispersed in 15 ml. of 0-01M phosphate, pH 7-4. Chromatogram shows the formation of (3) phenylalanine, (7) tyrosine, 
and (11) leucine, after incubating particles with 0-06m L-glutamate and (3) phenylpyruvate, (7) p-hydroxyphenyl- 
pyruvate and (11) «-oxoisocaproate, each 0-03M. (4) 0-4 mg. of L-phenylalanine, (8) 0-4 mg. of L-tyrosine and (12) 
2-0 mg. of L-leucine were incubated under the same conditions. (1), (5) and (9) were controls with each «-keto acid 
as sole substrate, and (2), (6) and (10) with each «-keto acid and 0-06M-NH,Cl. Amino acids from each incubation 
were extracted into 0-4 ml. of 0-Oly-HCl. Samples (5yl.) were run on a descending chromatogram in water-saturated 


lutidine. 


collidine 





Transamination with L-glutamate and phenylpyruvate, p-hydroxyphenylpyruvate or «-oxoisocaproate. Rat-liver 
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pyruvate. With washed particles transaminations 
were observed with each of these «-keto acids. For 
example, with a particulate preparation, on incu- 
bating phenylpyruvate, p-hydroxyphenylpyruvate 
and pyruvate, each 0-03 M, with 0-035 m L-glutamate, 
syntheses of about 1 mg. in 20 min. and 2 mg. in 
40 min. of phenylalanine, tyrosine and alanine were 
indicated chromatographically. Tyrosine decarb- 
oxylase estimations showed a formation of 0-77mg. 
of u-tyrosine in 20min. and 1-46 mg. in 40 min. 
None was formed in a control incubation of 40 min. 
with p-hydroxyphenylpyruvate as sole substrate. 
(The standard L-tyrosine, 0-70 mg., gave 90% of 
theoretical value.) Chromatograms indicated that 
the supernatant fraction did not catalyse the forma- 
tion of phenylalanine or tyrosine, but in 40 min. 
gave about 2 mg. of alanine. 

Tyrosine decarboxylase is specific for L-tyrosine 
(Gale, 1948). Apparently a large proportion, at 
least, of the tyrosine formed by transamination was 
the L-isomer. 

Transaminations with rat-liver mitochondria. 
Incubations were carried out with a suspension of 
mitochondria in 0-01mM phosphate, pH 7-8, with 
0:05m L-glutamate and phenylpyruvate, p-hydroxy- 
phenylpyruvate, pyruvate and oxaloacetate, each 
0:025mM. In 40 min. 2 mg. of phenylalanine, 2 mg. 
of tyrosine, 1-0—2-0 mg. of alanine and 4 mg. of 
aspartate were formed. With another mitochondrial 
preparation [two extra washings and sedimenta- 
tions, cf. Hogeboom et al. (1948)], the ability to 
catalyse the L-glutamate—pyruvate transamination 
had almost disappeared, although transamination 
reactions leading to the formation of about 1 mg. 
of phenylalanine, 6-5—-1-0 mg. of tyrosine and 2-0— 
3-0 mg. of aspartate in 40 min. were still apparent. 


Transaminations with «-oxoglutarate in 
liver and kidney preparations 


Transaminations with L-x-amino acids and «- 
oxoglutarate, with preparations of rat liver and 
kidney (Table 1), and with liver preparations of 
other animal species (Table 2), have been studied 
chromatographically. Tissue dry weights were 
measured where glutamate formation was esti- 
mated with the photodensitometer, and Q, values 
have been calculated. . 

Incubations with p-phenylalanine were included 
in one experiment. No formation of glutamate above 
the control was observed, with either particles or 
supernatant. (Results with L-amino acids in the 
same experiment are recorded in Table 1 (d).) 

The results (Table 1) indicate that transamina- 
tions to «-oxoglutarate from L-x-amino acids other 
than alanine and aspartate are especially associated 
with the sedimentable particles of rat liver and 
kidney. An exceptional result was obtained in one 


experiment with rat liver, Table 1 (c). Transamina- 
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tion from L-tyrosine in particular, with the super- 
natant, was comparable in this case with that 
catalysed by the particles. It may be significant 
that here there was a delay of several hours before 
clarification of the homogenate supernatant could 
be started. The particles and supernatant of pig 
liver differed little in transaminase activity (Table 2). 
Cammarata & Cohen (1950) observed transamina- 
tion to a-oxoglutarate from many L-«-amino acids, 
including t-phenylalanine and t-tyrosine, with 
soluble extracts of freeze-dried pig liver and kidney. 
It remains to be investigated how firmly the trans- 
aminases are attached to freshly prepared tissue 
particles. 

Neither the particles nor the supernatant of 
mouse liver would catalyse transaminations from 
L-phenylalanine or t-leucine to %-oxoglutarate, 
though transaminations to pyruvate were observed 
(see Rowsell, 1956). 


Oxygen consumption with L-x-amino acids 
in tissue preparations 


To compare transamination to «-oxoglutarate, (i) 
with aerobic oxidation, (ii) as a deamination mech- 
anism, O, consumption has been measured with 
L-a-amino acids, both washed particles and super- 
natants of rat-liver and -kidney homogenates being 
tested. 


(i) ~L-x-Amino acid + «-oxoglutarate > «-keto 
acid + L-glutamate, 


(ii) L-x-Amino acid + [O] > «-keto acid + NH,. 


Except for the absence of «-oxoglutarate and the 
substitution of O, as gas phase, incubation condi- 
tions in the studies of O, consumption were the same 
as for transamination. In some experiments, 
preparations from the same animal were used for 
both transamination and aerobic oxidation [(c) and 
(d), Tables 1 and 3]. In many cases O, consumption 
in the presence of L-x-amino acids was less than in 
the control. Where additional O, consumption was 
observed it was small (Table 3; see also Table 4 of 
Rowsell, 1956). These results may be compared with 
transamination measurements [Table 1, especially 
(c) and (d)]. The formation of 1-47 mg. of glutamate 
by transamination (i) and the consumption of 
112 pl. of O, (ii) lead to the same deamination. 

Transaminases for the L-«-amino acids tested in 
fresh rat liver and kidney appear to be much more 
effective than the aerobic L-x-amino acid oxidase 
extracted by Blanchard, Green, Nocito & Ratner 
(1944). 

Equilibrium position for the 
L-phenylalanine—x-oxoglutarate transamination 


The progressive formation of glutamate, during 
4hr. incubation, with rat-liver particles, 0-03M 


L-phenylalanine and 0-03M «z-oxoglutarate, is 
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Transamination with «-oxoglutarate in liver of different animal species 


Incubations included 0-02 «-oxoglutarate and 0-03M L-a-amino acid. Glutamate was estimated by visual comparison 
with known amounts, after separation on paper chromatograms. 


Glutamate formed (mg./2-0 ml.) 





t 
Control 


Species Liver preparation alone 
Pig Particles 0-05 
Supernatant 0 
Mouse Particles 0 
Supernatant 0 
Chicken Particles 0-05 
Pigeon Whole dialysed homogenate 0-1 


Table 3. 


? 


«-oxoglutarate 


Phenyl- 
alanine Leucine Valine Methionine 
0-3 0-3 0-5 0-2 
0-3 0-3 0-3 0-1 
0 0 a oss 
0 0 oo “= 
0-3 0-1 0-1 0-3 
>1-0 >1-0 — — 


Effect of L-x-amino acids on O, consumption in rat-liver and rat-kidney preparations 


Oxygen consumption was measured in Warburg manometers at 37° with O, gas phase. There was 0-2 ml. of 40% NaOH 
and filter paper in centre wells. After equilibration, each L-x-amino acid was added from the side bulb to give a concen- 
tration 0-03M in 2-0 ml., including 1-0 ml. of tissue preparation. Albino rats were used. 


O, consumption (l./hr.) 





, 
Dry Control, 
weight no amino Phenyl- Trypto- 

Rat tissue Preparation (mg./ml.) acid alanine Tyrosine phan Leucine Valine Methionine 
(c) Liver Particles 29 32-0 23-5 14-0 24-5 27-5 25-5 33-0 
Supernatant 23 13-0 17-0 11-0 18-5 14-5 14-5 16-5 
(d) Kidney Particles 6 18-0 16-5 7-5 21-5 20-0 12-0 20-0 
(f) Kidney Particles 5 10-0 12-0 10-0 10-0 13-5 14-0 16-0 
Supernatant 8 8-0 13-5 — —_ 7-5 10-0 — 


Table 4. Equilibrium position for L-phenylalanine 
+ «-oxoglutarate — glutamate 


A series of 2-0 ml. incubations with rat-liver particles 
contained 0-03 mM L-phenylalanine and 0-03 mM «-oxoglutarate, 
or «-oxoglutarate alone. After separation on paper chro- 
matograms glutamate was measured with the photo- 


densitometer. 
Glutamate (mg./2-0 ml.) 


Incubation 


‘ ‘ 
period a-Oxoglutarate 1-Phenylalanine 


(min.) alone + a-oxoglutarate 
0 <0-05 0-3 
30 — 1-3 
60 0-1 1-9 
120 0-1 2-8 
240 0-3 3-4 
Cale. for 100% - 8-8 


transamination 


shown in Table 4. The change in glutamate concen- 
tration in the second 2 hr. of the incubation was less 
than 20 % of the total formed. It may be assumed 
from the results given in Table 6 that the enzyme 
activity was still at a high level after 3 hr. incuba- 
tion. It seems that equilibrium conditions were 
being approached at the end of the incubation with 
about 40 % transamination. 


16 


Transamination with L-phenylalamine and «-oxo- 
glutarate assayed with L-glutamic decarboxylase 


Effect of pH and salt concentration. The results 
(Table 5) show that over the range of pH and salt 
concentration tested there no systematic 
variation in transaminase activity. Coagulation of 
the particles occurred (perhaps enzyme inactiva- 
tion) during incubation with the highest salt con- 
centration. For subsequent experiments a pH 
range of 7-4~-7-7, with a buffer concentration of 
0-05m phosphate was chosen. 

Stability at 37°. Table 6 shows that there 
little diminution of L-phenylalanine—«-oxoglutarate 
transaminase activity following 3 hr. incubation, 
and that after repeated washings substrates which 
are able to form L-glutamate on prolonged incuba- 
tion remain attached to the particles. 

Comparison of the rates of the forward and reverse 
reactions «-oxoglutarate + L-phenylulanine= w-gluta- 
mate + phenylpyruvate. It is apparent from Fig. 3 
that the forward and reverse reactions proceed at 
about equal rates. (Chromatograms showed forma- 
tions of 0-5—1-0 and 1-0—2-0 mg. of phenylalanine at 
30 and 60 min. respectively, for the 2-0 ml. samples 
of the t-glutamate—phenylpyruvate incubation.) 
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Table 5. Effect of pH and salt concentration on u-phenylalanine— 
«-oxoglutarate transamination 


Sedimented washed rat-liver particles were suspended in 27 ml. of 0-1m phosphate, pH 7-4. Five 5-0 ml. portions were 
centrifuged in the high-speed head. The re-sedimented particles were separately suspended in (a) 3-0 ml. of 0-1 mM phosphate 
buffer of pH 6-6, 7-0, 7-4 and 7-7, and sodium pyrophosphate, pH 8-3; (b) 5-0 ml. of 0-02m phosphate buffer, pH 7-6, at 
different KCl concentrations. Particle suspensions were incubated with L-phenylalanine and «-oxoglutarate, each 0-03M, 
for 60 min. pH values, measured on duplicates of incubation mixtures, are recorded with incubation salt concentrations. 
Controls contained «-oxoglutarate as sole substrate. Residues from the incubations were dissolved in 2-0 ml. of 0-2m 
acetate, pH 4-6, and 1-0 ml. samples were taken for decarboxylase assay. Tissue dry weights: (a) 25 mg./ml., (b) 27 mg./ml. 


L-Glutamate 
in 2-0 ml. 


T 
incubation sample (controls 
(as pl. of CO.) subtracted) 
(a) 0-05m Phosphate, pH 7-56 (control) 8 —_— 
0-05m Phosphate, pH 7-00 92 _ 
0-05m Phosphate, pH 7-30 120 _— 
0-05m Phosphate, pH 7-56 126 4-9 
0-05m Phosphate, pH 7-65 124 — 
0-05m Sodium pyrophosphate, pH 8-3 118 _- 
(b) 0-01m Phosphate, pH 7-6 (control) 6 —_ 
0-01m Phosphate, pH 7-6 126 — t 
0-01m Phosphate, pH 7-6, +0-02m-KCl 148 -- 
0-01m Phosphate, pH 7-6, +0-03M-KCl 145 = | 
0-01m Phosphate, pH 7-6, +0-05m-KCl 142 — 
0-01m Phosphate, pH 7-6, +0-1m-KCl 162 5-8 





Table 6. Stability of L-phenylalanine—«-oxo- 


glutarate transaminase at 37° 220 


Incubations (8-0 ml.) included (a) 4-0 ml. of freshly 
prepared washed rat-liver particles and (b) 4-0 ml. of the 
same preparation after 3 hr. at 37°, with L-phenylalanine 
and «-oxoglutarate, each 0-03mM. Controls contained 
a-oxoglutarate as sole substrate. Samples (3-0 ml.) were 
denatured after 30 and 60 min. For glutamate estimations 
at 0 min. 1-5 ml. of tissue preparation was denatured and 
the equivalent amounts of substrates were added. Residues 


8 


= 
@ 
oO 





from all samples were dissolved in 2-5 ml. of 0-2 acetate, 

pH 4-6, and 1-8 ml. was taken for decarboxylase assay. 
L-Glutamate from 
3-0 ml. incubation 


sample 

Incubation (as pl. of CO.) 
period tec" 

Substrates (min.) Obs. Net 

(a) t-Phenylalanine 0 8 mat 
+a-oxoglutarate 30 114 106 

60 204 190 

a-Oxoglutarate, control 30 8 os 
60 14 — 

(6) L-Phenylalanine 0 31 JE 3 
+«-oxoglutarate 30 132 96 

60 205 166 

a-Oxoglutarate, control 30 36 — 


60 39 — 

Transaminations with L-x-amino acids in rat-liver 
and rat-kidney preparations. A limited survey has 
been made of transamination rates with L-«-amino 
acids in rat-liver and rat-kidney preparations, with 
decarboxylase assays. The results are shown in 
Table 7. 


Fig. 3. Comparison of rates of forward and reverse reac- 


= 
a 
oO 


(a) 


a 
Oo 


3 


N 
o 
e 


L-Glutamate in 1:0 ml. of extract (HI. of CO?) 


0 15 30 45 60 75 
Time (min.) 


—— 


tions: «-oxoglutarate + L-phenylalanine=.L-glutamate + 
phenylpyruvate. Incubations (vol. 12-0 ml.) included 
6-0 ml. of washed rat-liver particles (tissue dry wt., | 
24 mg./ml.), with (a) L-phenylalanine and «-oxoglutarate, 
and (6) u-glutamate and phenylpyruvate (all 0-025m). 
Residues from 2-0 ml. incubation samples were dissolved 
in 5-Oml. of 0-2m acetate, pH 4-6, and 1-0 ml. was 
taken for decarboxylase assay. @, values: (a) 10-5, 


(b) 8-1. 
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Decarboxylase assay of transamination with L-«-amino acids in rat-liver and rat-kidney preparations 


Table 7. 


and rat-kidney preparations. Pyridoxal phosphate (10 g./ml.; a gift from Dr W. E. 


‘ 





L-«-Amino acids and «-oxoglutarate, each 0-03M, were incubated with rat-liver 
Knox) was added in incubations with acetone-dried-powder extracts (c) and (d). ( 


in parentheses. 


ontrol values with «-oxoglutarate as sole substrate have been subtracted. Q 7 values 


L-Glutamate from each 2-0 ml. incubation sample (as pl. of CO,) 


A 





Control, 


a&-OX0O- 
glutarate 


Incubation 


Tissue 
dry wt. 





period Phenyl- Trypto- 
alcne alanine Tyrosine phan Leucine Valine Glycine Histidine Alanine 


(min.) 


(mg.) 


Tissue preparation 


Rat-liver particles 
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17 
0 


14 
28 


(1-7) 


77 
71 


(a) 


a> 
oa 


60 


16 


0) 


(0-25) 


(4-4) 


60 


Rat-liver acetone-dried powder 
(c) Soluble extract 


270 


* 
aA 
— 


i) 


30 


37°5 


© 
nN 


60 


(d) Insoluble fraction 


30 


94 


(24) 


10 
2:5) 


12:5 
( 


(3-1) 


* Without pyridoxal phosphate. 


17 
(43) 


0 


60 


Rat-kidney particles 


DISCUSSION 


Apart from those involving glutamate, aspartate 
and alanine, there have been doubts as to the meta- 
bolic importance of transamination reactions 
(Cohen, 1942, 1951; Cohen & McGilvery, 1949; 
Haurowitz, 1950). This can be assessed where 
quantitative comparisons are possible between 
metabolic rates of intact tissues and transamination 
rates, measured for extracts of the same tissues, and 
preferably where the enzyme preparations em- 
ployed suffer minimum change in extraction. 
Studies with unwashed whole homogenates (e.g. 
Awapara & Seale, 1952) can give useful information 
on the overall amino transfers possible in tissues, 
but leave doubt as to the individual transamination 
stepsinvolved. Fresh liver and kidney, for example, 
contain amino acids (Krebs, Eggleston & Hems, 
1949; Awapara, 1949) and «-keto acids (Frohman, 
Orten & Smith, 1951) which may act catalytically 
as intermediate amino carriers (O’Kane & Gunsalus, 
1947). Present results have been obtained mainly 
with washed particles extracted in the cold from 
fresh tissues. 

The results in Table 5 suggest that pH and salt 
concentration are not critical factors for obtaining 
optimum transamination rates (at least for phenyl- 
alanine) with washed-particle preparations. Nor 
apparently is temperature. The L-phenylalanine— 
«-oxoglutarate transaminase is stable at 37° 
(Table 6) and decarboxylase estimations of L- 
tyrosine formation indicate that L-glutamate—p- 
hydroxyphenylpyruvate transamination is main- 
tained, apparently undiminished, during a 40 min. 
incubation at 37°. 

Comparison of data in Tables 1, 5 and 6 and in 
Fig. 3 with those of Table 4 (1-47 mg. of glutamate = 
224 yl. of CO,) indicates that L-phenylalanine—«- 
oxoglutarate transamination is a long way from the 
equilibrium position after 1 hr. incubation, under 
present conditions. Assuming that the equilibrium 
position for other monoaminomonocarboxylic acids 
is comparable with that for L-phenylalanine and 
that accurately determined for L-alanine (Krebs, 
1953), this has not been a limiting factor on rates 
measured in the present study. 

The effect of varying substrate concentration has 
not been investigated, but it is of interest that L- 
tyrosine, present as a saturated solution (0-003— 
0-006M, caleulated from data of Dunn, Ross & 
Read, 1933), gave rates comparable with 0-03M 
L-phenylalanine in some experiments (Table 1). 

Pyridoxal phosphate may be an activator, and to 
a different extent with each L-x-amino acid tested 
for transamination (Cammarata & Cohen, 1950). It 
was not available except for one experiment 
(Table 7). It may be necessary to modify present 
conclusions on the distribution of transaminases 
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between different homogenate fractions, when these 
experiments are repeated with the addition of 
pyridoxal phosphate. 

Many factors remain to be investigated to deter- 
mine optimum conditions for the measurement of 
transamination rates in fresh tissue preparations. 
Under optimum conditions the relative rates for a 
series of L-x-amino acids with the same tissue pre- 
parations may be different. However, provisionally, 
present results suggest that (apart from those in- 
volving L-aspartate and L-alanine) transaminations 
with L-phenylalanine, L-tyrosine and L-tryptophan 
in rat liver, and with t-leucine and u-valine in rat 
kidney, are at a higher level in those tissues than 
with the other L-x-amino acids tested (Tables 1 
and 7). 

Great variability was observed in the relative 
rates of transamination for different L-«-amino 
acids, with liver preparations from different animals, 
with different methods of extracting transaminases 
(from fresh tissue or acetone-dried powder) or 
comparing liver with kidney (‘Tables 1 and 7). These 
findings suggest that there are many transaminases, 
perhaps one for each amino acid (see also Cammarata 
& Cohen, 1950). It is not to be expected, therefore, 
even under optimum conditions, that transamina- 
tions studied in fresh tissue preparations with 
individual amino acids will be so active as, say, 
succinate oxidation, which is on the main route for 
the metabolic oxidation of all carbohydrate and fat 
(see, for example, Krebs, 1954). 

Accurate measurement of transamination rates 
has not been the purpose of the present exploratory 
investigation. Nevertheless, comparisons will be 
made with deamination rates observed in kidney 
and liver slices, to indicate that, for some L-x-amino 
acids, transamination rates in fresh liver and kidney 
extracts are of an order to warrant further study and 
consideration of a metabolic role. Present results 
were obtained mainly with the unfractionated 
particles of tissue homogenates. According to the 
sedimentation technique used they presumably 
contained mitochondria (cf. Hogeboom, Claude & 
Hotchkiss, 1946), but nuclei and cell debris were also 
present. [For rat liver the dry weight of material 
sedimented under these conditions is about 45 % of 
the total dry weight of the fresh tissue (Dr I. T. 
Oliver, personal communication). } 

For the oxidative deamination of 0-05 L-x-amino 
acids with rat-kidney slices, Qxyj, values of 2-53 for 
L-valine, 5-35 for L-leucine and 9-07 for L-phenyl- 
alanine have been observed (control values were 
subtracted for no added amino acid; data from 
Table 5, Krebs, 1933). Maximal Qnu, Values of 3-01 
for L-tyrosine and 3-13 for L-tryptophan were 
observed under the same conditions (data from 
Table 6, Krebs, 1933). Values of Q, observed in the 
present work with rat-kidney particles for these 
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amino acids are comparable (considerably greater 
for t-leucine and L-valine; Tables 1 and 7). 

It has been calculated from the data in Table 1 (e) 
that transamination rates are 93 and 97 moles of 
glutamate formed/g. wet weight of rat kidney/ 
90 min. for L-leucine and L-valine respectively. For 
this calculation only the transaminase activity of 
the particles recovered after repeated sedimenta- 
tions has been taken into account. This must involve 
an underestimation. [Complete data for calculating 
these rates is not available for other experiments 
with rat kidney, but it is evident that they are of the 
same order (Table 1 (d), Table 7).] These figures may 
be compared with values for ammonia formation by 
amino acid deamination with rat-kidney slices; 
Braunstein & Azarkh (1944) found 5 and 7 pmoles of 
ammonia/g. wet weight of rat kidney for L-leucine 
and t-valine respectively, for 1-5-2-5 hr. aerobic 
incubation at 37°. 

Krebs (1933) measured urea formation as an 
index of deamination with rat-liver slices, and found 
Qurea to be 0-38 for L-tyrosine, 0-05 for L-tryptophan. 
Values of Q, observed with rat-liver particles may 
be compared (Table 1). 

Present results show that the sedimentable 
material of fresh rat kidney and liver catalyses 
transamination with some L-«-amino acids much 
more rapidly than rat-kidney and rat-liver slices 
promote oxidative deamination. L-Glutamic dehy- 
drogenase coupled with diphosphopyridine nucleo- 
tide is found in rat liver and kidney (Qo, 49-3 and 
24-7 respectively; Copenhaver, McShan & Meyer, 
1950) and at higher levels than in other tissues (see 
also Euler, Adler, Gunther & Das, 1938). Thus, the 
enzymes required for oxidative deamination via 
transamination with «-oxoglutarate (suggested by 
Braunstein, 1939, 1947) are present in liver and 
kidney. 

Consistent with this hypothesis, the present work 
shows that transamination to «-oxoglutarate is at 
a much higher level than direct aerobic oxidation 
for L-%-amino acids in fresh rat-liver and rat-kidney 
preparations (cf. Tables 1 and 3). 

The highest transamination rates measured, with 
rat-kidney preparations, in the present study were 
with L-leucine and L-valine (Tables 1 and 7). Apart 
from L-glutamate, aspartate and alanine, highest 
rates of oxidative deamination have been observed 
with t-leucine and t-valine in rat-kidney slices 
(Braunstein & Azarkh, 1944). This correlation is 
again consistent with a transamination step in 
L-a-amino acid deamination. 

Present work has demonstrated the formation of 
phenylalanine, tyrosine and leucine, from the 
corresponding «-keto acids, by transamination with 
L-glutamate in rat-liver preparations. These re- 
actions may account for the amination of «-keto 
acids to form phenylalanine, tyrosine and leucine 
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observed in liver-perfusion experiments (Embden & 
Schmitz, 1910, 1911), and for the in vivo amination 
of «-keto acids apparent from feeding experiments 
(see Bubl & Butts, 1949). With a purified enzyme 
from rat liver, Meister & Tice (1950) have observed 
amination of «-keto acids with L-glutamine, without 
its prior deamination. Other experiments are 
necessary to assess the physiological significance of 
each system. 


SUMMARY 


1. Transamination reactions have been studied 
in freshly obtained extracts of liver and kidney 
mainly from the rat. To facilitate unambiguous 
interpretation of results, preparations have been 
washed free of endogenous substrates, particles by 
repeated sedimentation, soluble extracts by dialysis. 

2. Formations of phenylalanine, tyrosine and 
leucine from the corresponding «-keto acids and 
L-glutamate, with particles of rat liver, have been 
observed chromatographically. 

3. Transaminations with L-«-amino acids (other 
than alanine and aspartate) and «-oxoglutarate, and 
with the corresponding «-keto acids and t-glut- 
amate, are associated with the sedimentable 
particles of fresh rat-liver and rat-kidney homo- 
genates. 

4. Quantitative studies with a photodensito- 
meter on paper chromatograms, and with L- 
glutamic decarboxylase, show that glutamate 
formation with rat-liver and rat-kidney prepara- 
tions is more rapid than aerobic oxidation, for all 
L-x-amino acids tested. 

5. Values of Q, for transamination with «- 
oxoglutarate with some L-«-amino acids, in rat 
kidney and liver, are comparable with Qyy, or Q 
values for oxidative deamination in slices. 
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It was considered that limitations in analytical 
technique had previously directed attention largely 
to transamination reactions involving L-glutamate 
and «-oxoglutarate. By means of paper-partition 
chromatography (e.g. Consden, Gordon & Martin, 
1944), other amino acid—«-keto-acid pairs could be 
studied for transamination. 

Results now presented show that in liver pre- 
parations of some animal species, L-«-amino acids 
other than t-glutamate will transaminate with 
a-keto acids other than «-oxoglutarate. Pyruvate 
especially has been investigated as an amino 
acceptor. Evidence is given that transaminations 
with pyruvate do not involve «-oxoglutarate— 
L-glutamate as an intermediate amino carrier. For 
the L-x-amino acids concerned, transamination with 
pyruvate takes place more readily than aerobic 
oxidation. 

A preliminary report of this work has been 
published (Rowsell, 1951). 


MATERIALS AND METHODS 


L-x-Amino acids, «-keto acids and tissue preparations used 
were obtained or made, in general, as described in the earlier 
paper (Rowsell, 1956). 

Pure sodium «-oxobutyrate and «-oxoisocaproate were 
generously provided by Dr A. Meister, Bethesda, U.S.A. 
When 5yl. samples of 0-05m L-alanine were run on paper 
chromatograms a trace ninhydrin-reacting impurity was 
observed, running just behind alanine in water-saturated 
phenol. This may have been threonine (see Dent, 1948). 
According to chromatograms other amino acids used were 
pure. 

Particle preparations were thoroughly washed, at least 
five times by redispersion and resedimentation at 10000 g in 
about 50 ml. of 0-Im phosphate, pH 7-7. Usually particles 
from each rat liver were finally made up to 20 ml. in the 
same buffer. The clarified supernatant measured 20-25 ml. 

Incubations. These were carried out in test tubes at 37° 
under N,, for 1 hr. Incubations (vol. 2 ml.) included 1-0 ml. 
of tissue preparation, 0-02m «-keto acid and 0-03M L-a- 
amino acid. (Any differences from these conditions are 
indicated.) Reactions were stopped by placing the tubes in 
boiling water for 3min. The coagulated protein was 
centrifuged down and the clear supernatants were taken for 
chromatographic analysis. These were stored at — 15° until 
used. 


* Present address: Department of Biochemistry, 


University of Sheffield. 


Chromatographic technique. This was, in general, as 
described in the earlier paper (Rowsell, 1956). It has been 
reported that there is considerable destruction of «-amino 
acids by reaction with phenol, when this solvent is removed 
from papers by heating (Brush, Boutwell, Barton & Heidel- 
berger, 1951). Papers were therefore dried at room temper- 
ature ina draught ofair. Estimations of amino acids, formed 
by transamination, were made from chromatograms by 
visual comparison with standards, except for one experi- 
ment (Table 2) where a photodensitometer was employed, 
(see Rowsell, 1956). 

p-a-Amino acid oxidase. This enzyme was extracted from 
2g. of sheep-kidney acetone-dried powder (Keilin & Hartree, 
1936) by shaking with 20 ml. of 0-017M sodium pyrophos- 
phate buffer, pH 8-3, for 45 min. at 37°. After centrifuging, 
the supernatant was dialysed against the same buffer. 


RESULTS 


Transaminations to pyruvate with rat-liver particles 


Transamination reactions between «-oxoglutarate 
and many L-«-amino acids have been demon- 
strated with washed-particle preparations of rat 
liver (Rowsell, 1956). With such preparations, as 
a first approach, pyruvate was investigated as a 
possible amino acceptor with a number of L-«-amino 
acids. It was observed chromatographically that 
0-3-0-5 mg. of alanine was formed in 1 hr. with 
pyruvate and L-leucine, L-phenylalanine, L-nor- 
leucine, L-histidine or L-methionine, but none with 
p-phenylalanine, D- or L-valine or DL-isoleucine. 
Controls with pyruvate or with each L-«-amino acid 
tested, as sole substrate, gave no observable forma- 
tion of alanine. Controls with buffer replacing the 
liver preparation, or with boiled-liver preparation, 
gave negative results. (After 24 hr. at 0° a pre- 
paration had lost none of its activity, at least with 
L-leucine.) 

Possibility of transamination to pyruvate via 
glutamate. The most obvious explanation of these 
results was that enzymes exist in rat liver which are 
able to catalyse the transfer of the «-amino group of 
some L-x%-amino acids directly to pyruvate. How- 
ever, evidence for the wide scope of transamination 
to «-oxoglutarate in animal tissues (Hird & Rowsell, 
1950; Cammarata & Cohen, 1950) made it necessary 
to give consideration to an alternative explanation. 
The L-x-amino acid might first transfer its «-amino 
group to «-oxoglutarate (reaction i), and the 
glutamate thus formed then react with pyruvate to 
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Table 1. Transamination to pyruvate, «-oxoglutarate and oxaloacetate 
from t-x-amino acids with rat-liver particles 


Incubation conditions and estimations are as described under Methods; incubation period was 1 hr., except (a), which 


Alanine, glutamate or aspartate formed from pyruvate, «-oxoglutarate or 
oxaloacetate, respectively, with L-x-amino acids (mg./2-0 ml.) 





was 45 min. 

Control, no Phenyl- 
a-Oxo acid amino acid Leucine alanine 

(a) Pyruvate 0 0-4 0-5 
a-Oxoglutarate 0 0-2 1-0-2-0 

(b) Pyruvate 0 0-5 — 

a-Oxoglutarate 0 <0-3 — 
(c) Pyruvate 0 0-5-1-0 About 1 
a-Oxoglutarate <0-1 0-3 About 2 

Oxaloacetate 0 0 0-5 


form alanine (reaction ii), each amino transfer 
being catalysed by the appropriate transaminase, 
and the coupling made possible by a trace of 
glutamate or «-oxoglutarate remaining in the 
particle preparation, despite the thorough washing 
procedure. 


(i) L-«-Amino acid + «-oxoglutarate—> 
a-keto acid + L-glutamate. 


L-Glutamate + pyruvate> 
«-oxoglutarate + L-alanine. 


(ii) 


O’Kane & Gunsalus (1947) have shown that in 
pig-heart extracts transamination from aspartate to 
pyruvate proceeds in this fashion, by a coupling of 
the aspartate—x-oxoglutarate and glutamate—pyru- 
vate transaminations. 

Incubations were carried out to compare pyruvate 
and «-oxoglutarate as amino acceptors with L-«- 
amino acids, in the presence of rat-liver particles 
(Table 1 (a)). Under the same conditions 3-0 ml. of 
the rat-liver preparation was incubated with 3-0 ml. 
of 0-05m phosphate buffer, pH 7-7. In this case the 
protein was precipitated by the addition of 10 ml. of 
warm ethanol and removed by centrifuging. The 
supernatant was evaporated to dryness at 50—60° 
under reduced pressure and the solid residue dis- 
solved in 1-5ml. of 0-2m acetate buffer, pH 4-5. 
A sample (1-0 ml.) of this solution and 1-0 ml. of the 
L-methionine—pyruvate incubation extracts were 
tested manometrically with an active Clostridium 
welchii L-glutamic decarboxylase (Gale, 1948). No 
L-glutamate was measurable in either extract. 
L-Glutamate—pyruvate transamination is more 
powerfully catalysed in rat liver than transamina- 
tion with «-oxoglutarate and t-leucine or L- 
methionine (Rowsell, 1956). It would be expected, 
therefore, if the two-step mechanism indicated 
above were operative, that the pace-making step in 
overall transamination to pyruvate with these 
amino acids would be reaction (i), namely trans- 


— 
Methionine Valine Glutamate Aspartate 
0-4 0 — 0 
0-2 0-1 — 2-0-3-0 
—_— — About 2 0 
— — _— About 2 
a About 2 _— 


amination to «-oxoglutarate. In fact it would be 
expected that transamination by this two-stage 
process to pyruvate would be much less than that 
observed to «-oxoglutarate, since the trace concen- 
tration of L-glutamate (none was detectable on the 
chromatograms or by decarboxylase) or «-oxo- 
glutarate would give a pace-making reaction much 
slower than the transfer to «-oxoglutarate at 0-02. 
The reverse was found with t-leucine and L- 
methionine [Table 1 (a); see also (6) (c)]. In molar 
concentrations the ratio of alanine to glutamate 
formation is even greater. 

Transamination with «-oxoglutarate is more rapid 
with L-aspartate than with other L-x-amino acids, 
for rat-liver particles (Table 1 (a); Rowsell, 1956). 
If the observed transaminations with pyruvate 
proceeded via transamination to «-oxoglutarate 
then it would be expected that L-aspartate would be 
a particularly effective amino donor. However, no 
transamination was observed with L-aspartate and 
pyruvate (Table 1 (a)). 

A preparation which catalysed L-aspartate—c- 
oxoglutarate and L-glutamate—pyruvate transami- 
nations gave no alanine formation with L-aspartate 
and pyruvate. Evidently not enough L-glutamate 
or «-oxoglutarate was present to couple the two 
transaminations. The same preparation was active 
in promoting transaminations from t-leucine to 
pyruvate and «-oxoglutarate (Table 1 (5)). 

Again, if the reaction sequences (i) and (ii) were 
operative it would be expected that transaminations 
with oxaloacetate to form aspartate would be 
similarly catalysed. However, a preparation which 
promoted transamination with t-leucine and 
pyruvate was ineffective with L-leucine and oxalo- 
acetate. Insufficient L-glutamate or «-oxoglutarate 


transamination reactions: 
(iii) 
(iv) 


L-Leucine + «-oxoglutarate > L-glutamate, 


L-Glutamate + oxaloacetate > L-aspartate, 
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as shown in Table 1 (c). It was unlikely, therefore, 
that alanine formation from tL-leucine and pyruvate 
with the same preparation had occurred by a 
coupling of reactions (i) and (ii), which suggested 
that direct transamination was involved. Moreover, 
it was necessary to consider the possibility that 
aspartate had been formed from oxaloacetate and 
phenylalanine [Table 1 (c)] by direct transamina- 
tion. In all incubations with oxaloacetate some 
alanine was formed. This probably occurred by 
B-decarboxylation of oxaloacetate to form pyru- 
vate, followed by transamination from the L-«- 
amino acids, 


Transaminations to pyruvate with soluble 
proteins of rat liver 

Clarified supernatants of rat-liver homogenates 
catalysed the formation of alanine from pyruvate 
with t-leucine, t-phenylalanine, L-methionine, 
L-tyrosine or L-histidine, but not with p-phenyl- 
alanine, L-valine, L-tryptophan, glycine, pDL-iso- 
leucine or L-serine. Controls with boiled super- 
natant gave negative results. With the same pre- 
parations transamination to «-oxoglutarate was 
not observed with t-leucine (Fig. 1), L-phenyl- 
alanine or L-methionine. 

In one experiment alanine and _ glutamate, 
formed by transamination, were estimated with 
a recording photodensitometer (Table 2). Although 
glutamate was measurable it was much less than 
alanine formation. There was no diminution in 
pyruvate-transaminase activity of the preparation 
after pre-incubating for 1 hr. at 37°, and the decrease 
in the rate of alanine formation after the first 
30 min. may indicate that equilibrium positions 
were being approached. Values of Q, are given to 
indicate the order of transamination rates with 
pyruvate. No O, consumption above control values 
was observed when incubation extracts from this 
experiment were tested with D-amino acid oxidase 
(Table 3). The oxidase was active with quantities of 
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DL-alanine close to those estimated for alanine 
formation in the transamination experiments. The 
use of a method measuring L-alanine specifically and 
directly is preferable, but the absence of D-alanine 
implies that only the L-isomer is formed by trans- 
amination. 

It would be convenient to have a dry, stable 
preparation of rat liver, from which the enzyme or 
enzymes catalysing transaminations with pyruvate 
could be extracted as desired. However, an extract 
of rat-liver acetone-dried powder (Keilin & Hartree, 
1936) in 0-1m phosphate, pH 7-7, did not catalyse 
the formation of alanine from pyruvate with L- 
phenylalanine or t-leucine. With the same extract 
transaminase activity between L-phenylalanine 
and «-oxoglutarate 


yas observed. 


Alanine 








Glutamate 


(a) () (© @ @& ff 


Fig. 1. Transamination with dialysed rat-liver supernatant 
to form alanine from pyruvate and (c) L-leucine or (d) L- 
phenylalanine. None was formed with (a) L-leucine 
alone. No transamination occurred with «-oxoglutarate 
and (f) u-leucine. (b) 0-5 mg./2-0 ml. and (e) 1-0 mg./ 
2-0 ml. each of alanine and glutamate. Ascending chro- 
matogram run in water-saturated phenol. 


Table 2. Transamination to pyruvate and «-oxoglutarate with a soluble preparation of rat liver 


Incubations were under the described conditions, with a dialysed clarified supernatant of rat-liver homogenate (fresh 
liver wet wt., 10-3 g.; 31 ml. of supernatant obtained, with dry wt. 15 mg./ml.). After separation on paper chromatograms 
with propanol—water, amino acid formation was estimated with a recording photodensitometer. Values of Q>p are given in 
parentheses. In (6) the supernatant had been pre-incubated for 1 hr. at 37°. 


Alanine or glutamate formed from pyruvate or 


«-oxoglutarate respectively with L-«-amino acids 


Incubation 


a BE 
Control, no 


(mg./2-0 ml.) 


period Phenyl- 
a-Keto acid (min.) amino acid Leucine alanine Methionine 

(a) Pyruvate 0 — 0 — — 
30 — 0-3 0-3 0-4 

(10-1) (10-1) (13-4) 
60 — 0-4 — — 

90 0 0-5 0-7 0-5 

a-Oxoglutarate 90 <0-05 0-1 0-2 0-05 

(6) Pyruvate 90 0 0-5 0-7 0-5 


—__- — -—————_—_ ~———_~ 
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Comparison of transamination to pyruvate with 
aerobic oxidation of L-x-amino acids 


Transamination to pyruvate has been compared 
with O, uptake for a number of L-«-amino acids with 
the same liver preparations. In the manometric 


Table 3. Absence of D-isomer in alanine formed 
by transamination 


Warburg manometers were assembled to measure O, 
uptake at 37°. (i) Flasks contained 1-5 ml. of 0-067M 
sodium: pyrophosphate buffer, pH 8-3, and 1-0 ml. of 
substrate or 0-05m phosphate, pH 7-7; D-amino acid 
oxidase (0-5 ml.) was added from the side bulb. (ii) Flasks 
contained 1-0 ml. of 0-067 mM sodium pyrophosphate, pH 8-3, 
and 2-0 ml. of substrate or 0-05m phosphate, pH 7-7; 
p-amino acid oxidase (0-3 ml.) was added from the side 
bulb. pxt-Alanine, (i) and (ii), was in 0-05m phosphate, 
pH 7-7. Centre wells contained 0-2 ml. of 40% NaOH and 
filter paper, and all vessels were gassed with O,. 


O, uptake 


(yl./hr.) 
(i) Control 3-5, 7-5 
pL-Alanine (0-3 mg.) 22-5, 21-0 


L-Phenylalanine—pyruvate incubation 7-0 
extract (1-0 ml.) (Table 2 (5)) 


L-Methionine—pyruvate incubation 4-0 
extract (1-0 ml.) (Table 2 (6)) 

Cale. for 100% oxidation of D-isomer 18-8 
in 0-3 mg. of pL-alanine 

(ii) Control 4-0, 5-5 

pL-Alanine (0-6 mg.) 37-5, 33-0 

L-Phenylalanine—pyruvate incubation 2-0 
extract (1-0ml.) (Table 2(a)) +L-Meth- 
ionine-pyruvate incubation extract 
(1-0 ml.) (Table 2 (a)) 

Cale. for 100% oxidation of D-isomer 37-6 


in 0-6 mg. of DL-aianine 
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experiments, except for the absence of pyruvate 
and the substitution of O, as gas phase, the same 
conditions were employed as for transamination. In 
no case, neither with washed particles nor with a 
supernatant preparation, was there any significant 
O, uptake above that of the control, but transami- 
nations to pyruvate were observed in parallel 
experiments (Table 4). The formation of 0-4 mg. of 
alanine by transamination and the consumption of 
50 pl. of O, are equivalent for the deamination of 
L-a-amino acids. 


Transamination from L-alanine 
to «-keto acids 


In the presence of washed rat-liver particles 
0-03mM L-alanine was incubated with (a) phenyl- 
pyruvate, (b) «-oxoisocaproate and (c) «-oxo- 
butyrate, each 0-025m. In (a) 1mg. of phenyl- 
alanine and in (b) 0-4 mg. of leucine were formed. 
Chromatograms of (c) showed the formation of a 
ninhydrin-reacting compound running just ahead 
of alanine and just behind valine in water-saturated 
phenol, and in propanol—-water. Published R, 
values (Dent, 1948) suggest that this compound was 
a«-amino-n-butyrate. No transamination was ob- 
served with «-oxozsocaproate or «a-oxobutyrate 
when pD-alanine, L- or DL-aspartate was sub- 
stituted for t-alanine. L-Aspartate—x-oxoglutarate 
transamination was catalysed by the same pre- 
paration. The absence of leucine or «a-amino- 
n-butyrate formation with L-asparate was regarded 
as evidence for transamination with L-alanine 
without «-oxoglutarate and L-glutamate as inter- 
mediates. 


Table 4. Comparison of O, consumption and transamination to pyruvate with rat-liver preparations 


Oxygen consumption was measured in Warburg manometers with 0-2 mi. of 50% KOH and filter paper in centre wells, 
and O, as gas phase. For both O, consumption and transamination, 2-0 ml. incubations, including 1-0 ml. of tissue pre- 
paration and 0-03M L-«-amino acid, were at 37° for 1 hr. (except O, uptake (a): 80 min.). Transamination incubations also 


included 0-02M pyruvate; they were in test tubes under N,. 


Alanine formed 


O, consumption with pyruvate 


Rat-liver preparation (pl.) (mg./2-0 ml.) 

(a) Washed particles Control, no amino acid 29-5 0 
L-Leucine 25-5 0-4 
L-Phenylalanine 31-0 0-7 
L-Methionine 28-0 0-5 
L-Valine 28-0 0 
L-Histidine — 0-3 

(b) Washed particles Control, no amino acid 14-5 0 
L-Leucine 11-5 0-4 
L-Phenylalanine 11-0 0-5 
L-Histidine 11-5 0-3 
pL-Isoleucine — 0 

(c) Dialysed supernatant Control, no amino acid 3-5 0 
L-Leucine 3-5 0-4 
L-Phenylalanine 2-0 0-4 
L-Histidine 3-5 0-2 
DL-Serine — 0 


pL-Isoleucine — 0 
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Table 5. Transamination to pyruvate with liver preparations of other animal species 
For details of tissue preparations, see Rowsell (1956). 

Alanine formed from pyruvate and amino acid (mg./2-0 ml.) 

c ; =" 

Control, no L-Phenyl- 
Animal Liver preparation amino acid L-Leucine alanine pL-Methionine __L-Valine 

Mouse Washed particles 0 0-5-1-0 0-5-1-0 — _ 
Dialysed supernatant 0 0 0 — —- 
Pig Washed particles 0 0 0 0 0 
Dialysed supernatant 0 0 0 0 0 
Pigeon Dialysed whole homogenate 0 0-1 0-5 ~- — 
Chicken Washed particles 0 0 0 0 0 


Distribution of pyruvate transaminase 


zat tissues. Neither washed particles nor super- 
natant of rat kidney catalysed the conversion of 
pyruvate into alanine, when incubated with L- 
leucine, L-valine, L-phenylalanine or pL-methionine, 
although the particles caused glutamate formation 


via transamination to «-oxoglutarate (by a coupling 
of reactions (i) and (ii), see Results) but probably by 
direct transamination. Unambiguous demonstra- 
tion of transaminations directly to pyruvate is given 
by the findings that clarified soluble preparations 
of rat liver and washed particles of mouse liver 
catalysed transaminations with certain L-«-amino 


from «-oxoglutarate with the same amino’acids in = gaidg and pyruvate, but did so poorly or not at all | 
> 
arallel exnerime — 95 salva i . er eee na 
a parallel experiment (Rowsell, 1956). Dialysed with «-oxoglutarate. Similar consideration has not 
whole homogenates of rat brain (total vol., 8ml.),  peen given to the possibility that for some L-a-amino 
heart (6 ml.), and 7 g. of thigh muscle (8 ml.) gave acids in rat liver transamination with «-oxo- 
— oe with t-leucine or L-phenylalanine glutarate may require pyruvate or alanine as an 
and pyruvate. intermediate amino carrier. Only a few L-a-amino , 


Livers of different animals. Liver preparations 
from a number of other animal species have been 
tested for their ability to catalyse transaminations 
with pyruvate. The results of this limited survey 
are given in Table 5. 


Transaminations not involving 
glutamate =«-oxoglutarate or alanine =pyruvate 


With clarified supernatants of rat-liver homo- 
genates, incubations were carried out to test «-oxo- 
butyrate, phenylpyruvate, and «%-oxozsocaproate, 
each 0-025M, as amino acceptors with 0-03M L-a«- 
amino acids, other than glutamate and alanine, as 
amino donors. The formation of x-amino-n-butyrate 
from «-oxobutyrate with L-phenylalanine, L-leucine 
and L-methionine was observed. A trace of leucine 
was formed with t-phenylalanine and «-oxoiso- 
caproate as substrates, and1—2 mg. of phenylalanine 
with L-leucine and phenylpyruvate. Leucine and 
phenylalanine were separated on a_paper-strip 
ascending chromatogram (20 in. long) in propanol— 
water. No phenylalanine was formed when DL- 
serine or DL-isoleucine was substituted for L-leucine. 
No boiled- 


liver preparations or with «a-keto acids as sole 


transaminations were observed with 


substrate. 


DISCUSSION 


Present results show the formation of alanine from 
pyruvate and some L-x-amino acids, with rat-liver 
particles. Evidence is given that this occurred not 


acids have been tested for transamination with 
pyruvate in tissues other than liver. However, the 
indication so far is that liver is the only tissue able to 
catalyse transaminations with pyruvate. 

Quastel & Witty (1951) observed transamination 
from L-orthinine to pyruvate with liver and kidney 
homogenates of a number of animal species. 
Awapara & Seale (1952) reported transaminations 
with pyruvate and some L-«-amino acids in rat 
heart, liver, kidney and ventral prostate. However, 
in both investigations unwashed whole homo- 
genates were used, and it is possible that some, at 
least, of the transfers they observed were mediated 
by «-oxoglutarate—L-glutamate. This could account 
for a number of discrepancies between the observa- 
tions of Awapara & Seale (1952) and present 
findings. For example, they found that L-aspartate, 
DL-serine and DL-valine were active in transamina- 
tion with pyruvate in rat liver, whereas in the 
present study with washed particles or dialysed 
supernatant no transamination was observed with 
these amino acids. On the other hand, with the 
thorough washing procedures applied in the present 
study it is possible that a necessary activator was 
removed (e.g. pyridoxal phosphate), with the 
result that some transaminations with pyruvate 
have been underestimated or not observed at all. 

With rat-liver and rat-kidney preparations, it 
has been shown that transamination with «-oxo- 
glutarate is at a higher level than aerobic oxidation, 
for all the L-x-amino acids tested (Rowsell, 1956). 
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TRANSAMINATIONS WITH PYRUVATE 


L-2-Amino Acid * sr Pyruvate \ a L-Glutamate % DPN~ 
Pyruvate L-Alanine-z-oxoglutarate L-Glutamic dehydrogenase 
transaminase transaminase 
a-Keto acid # L-Alanine a-Oxoglutarate DPNH 


Fig. 2. 


Ammonia 


Hypothetical metabolic scheme for oxidative deamination of some L-a-amino acids in liver. 


DPN*, Oxidized diphosphopyridine nucleotide; DPNH, reduced diphosphopyridine nucleotide. 


Present work with rat liver shows that, for those 
L-«-amino acids active in this respect, transamina- 
tion to pyruvate also is at a higher level than aerobic 
oxidation (Table 4). 

One of the special metabolic functions of liver is 
the oxidative deamination of L-«-amino acids (Van 
Slyke & Meyer, 1913; Krebs, 1933; Maddock & 
Svedberg, 1938; Svedberg, Maddock & Drury, 
1938). In view of present findings, a variant of the 
hypothesis that L-x-amino acids are oxidatively 
deaminated via transamination to «-oxoglutarate 
(Braunstein, 1939, 1947) may be considered. For 
some L-x-amino acids, and with some animal 
species, oxidative deamination in the liver may 
include, as a first step, transamination to pyruvate 
according to the hypothetical metabolic scheme in 
Fig. 2. 

Glutamate—pyruvate transamination has been 
found much more active in liver (Q, 46) than in 
other tissues of the rat (Q, 2-13) (Cohen & Hekhuis, 
1941). Values of Qo, for L-glutamate oxidation are 
greater with liver and kidney (49-3 and 24-7, 
respectively) than with other tissues of the rat 
(4-9-10-3) (Copenhaver, McShan & Meyer, 1950). 
Thus, the enzymes which could catalyse deamina- 
tion via alanine and then glutamate are present in 
rat liver, and particularly active in that tissue. 
Pyruvate and «a-oxoglutarate, or alanine and 
glutamate, would be necessary as intermediate 
amino carriers on this hypothesis. Metabolic 
processes leading to their formation are well known, 
and moreover they are found in fresh rat liver 
(Frohman, Orten & Smith, 1951; Awapara, 1949). 
However, investigations of a different kind are 
necessary to determine the mechanism of-oxidative 
deamination im vivo. Although the enzymes and 
carriers are present for deamination of L-x-amino 
acids via transamination to «-oxoglutarate or to 
pyruvate, they may not be integrated functionally 
in the necessary way in intact tissues. For example, 
it has been demonstrated that L-tyrosine oxidation 
with fresh rat-liver preparations (Knox & LeMay- 
Knox, 1951) and acetone-dried-powder extracts 
(La Du & Greenberg, 1951; Schepartz, 1951) is 
dependent on initial transamination to form p- 
hydroxyphenylpyruvate. Neuberger (1948), how- 


ever, made observations indicating that some at 
least of the L-tyrosine metabolized in man and the 
rat is degraded via 2:5-dihydroxyphenylalanine and 
2:5-dihydroxyphenylethylamine. Again, though 
brain contains a powerful L-glutamate-oxidation 
system (Weil-Malherbe, 1936) and a very active 
L-aspartate—«-oxoglutarate transaminase (Cohen & 
Hekhuis, 1941), brain slices will not oxidise L- 
aspartate (Weil-Malherbe, 1936). 

Experiments with N-labelled L-x-amino acids 
with perfused organs or slices, with observation of 
the rate of incorporation of the ©N «-amino group 
into glutamate, alanine and other amino acids, and 
its rate of liberation as ammonia, could make a 
decisive contribution to our understanding of the 
physiological mechanism of oxidative deamination. 

Only very few of the possible amino acid—«-keto 
acid pairs have been tested for transamination in the 
present exploratory study, and for the most part 
with only roughly quantitative technique. Never- 
theless, it is believed that a much wider scope 
for transamination reactions in animal tissues 
is indicated than has usually been considered. 
Rudman & Meister (1953) have reported transami- 
nation with many «-keto acid—L-«-amino acid pairs 
not involving «-oxoglutarate or L-glutamate with 
dialysed extracts of strains of Escherichia coli. 


SUMMARY 


1. Alanine formation has been observed chro- 
matographically from pyruvate and some L-«-amino 
acids, with sedimented particles and with soluble 
proteins of fresh rat-liver homogenates. 

2. Evidence has been obtained that transamina- 
tions with pyruvate do not proceed via transamina- 
tion to «-oxoglutarate. 

3. For L-x-amino acids which take part in the 
reaction, transamination with pyruvate is more 
rapid than aerobic oxidation in rat-liver prepara- 
tions. 

4. The possibility of oxidative deamination via 
transamination to pyruvate, for some L-x-amino 
acids in rat liver, is discussed. 

5. Transaminations with L-alanine 
a-keto acids have been observed. 


and some 
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6. Fresh rat-liver preparations catalyse trans- 
aminations with L-x-amino acid—«-keto acid pairs, 
not involving glutamate—x-oxoglutarate or alanine— 
pyruvate. 

The author wishes to thank Dr D. M. Needham, F.R.S., 
and Dr F. J. R. Hird for their advice and encouragement 
during the course of this work, and the Medical Research 
Council for a training grant. 
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(+)-(S-Methyl-L-cysteine S-Oxide) in Cabbage 


By R. L. M. SYNGE anv J. C. WOOD 
The Rowett Research Institute, Bucksburn, Aberdeenshire 


(Received 29 February 1956) 


For some years work in our laboratory has been 
aimed at identifying in plant juices compounds of 
low molecular weight containing residues of chemic- 
ally bound amino acids which are set free by 
hydrolysis with acid (Synge, 1951; Synge & Wood, 
1954; Ellfolk & Synge, 1955). Most of this work 
has been with grass extracts. However, we have 
eursorily examined extracts from a number of 
other plants. The results were generally not much 
different from those with grass, but with fractions 
from cabbage the treatment with hot acid led to a 
striking increase in the intensity of the spot in the 
position of valine on our two-dimensional paper 
chromatograms. 

In order to isolate the parent substance from the 
unhydrolysed juice we first tried fractionation by 
electrical transport in a diaphragm cell (Synge, 
1951). At pH 6~7 the substance migrated, though 
less readily than aspartic and glutamic acids, into 
the acetic acid compartment of the four-compart- 
ment cell, while in dilute acetic acid in the three- 
compartment cell it migrated into the cathode 
compartment, though less readily than the ordinary 


neutral amino acids. Experiments were then made 
with paper ionophoresis. A sample strip from the 
paper was coloured with ninhydrin; the zones so 
located were cut out, eluted and the eluates hydro- 
lysed. Our substance was associated with a nin- 
hydrin-staining zone due, it seemed, to an ampho- 
lyte intermediate in behaviour between the 
dicarboxylic and neutral amino acids. On two- 
dimensional paper chromatograms, this material 
occupied position A (Fig. 2). Accordingly, to isolate 
the material in larger quantities we tried displace- 
ment chromatography on a cation-exchange resin 
(cf. Westall, 1950). The diffusate of the juice could 
be applied to the column without preliminary con- 
centration and much anionic and neutral material 
removed by washing with water; on displacement 
with ammonia the substance emerged early from the 
column, contaminated chiefly with aspartic and 
glutamic acids, serine, threonine and glutamine. It 
was readily separated from these amino acids by 
partition chromatography with phenol—water. The 
product crystallized readily, and represented (best 
yield) 4-4 % of the N of the cabbage diffusate (non- 
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protein N), 2-2 % of the total N of the cabbage and 
0-57 % of the dry matter of the original cabbage. 

The new substance had the elementary composi- 
tion C,H,O,NS. As we thought that we were 
dealing with a peptide, we were surprised to find 
that all the nitrogen reacted under the Van Slyke 
ninhydrin—CO, and nitrous acid procedures. Electro- 
metric titration confirmed the presence of equival- 
ent amounts of ionizing groups having pK values 
1-7 and 8-0 approx. (Fig. 1). Accordingly, it seemed 
that we were dealing with an «a-amino mono- 
carboxylic acid. The fact that its optical rotation 
was more positive in acidic than in neutral solution 
strongly suggested the L configuration at the «-C 
atom (see Neuberger, 1948). Paper chromato- 
graphy showed that under the usual conditions of 
acid hydrolysis of proteins the compound was 
completely destroyed, giving a single spot at the 
valine position (B, Fig. 2). However, the new amino 
acid formed accounted for only 40-50% of the 
original nitrogen (ninhydrin—CO, reaction). The 
rest of the nitrogen was determinable as NH,;. Some 
CO, was formed, suggestive of the formation of a 
keto acid (see below). We soon found that the 
resulting amino acid was not valine, but that it 
agreed in chromatographic behaviour both before 
and after various oxidative procedures (see below) 
with S-methyleysteine. In particular, oxidation 
with hydrogen peroxide caused re-formation of 
what seemed to be the compound originally present 
in the cabbage. 

The simplest hypothesis was therefore that the 
new compound is a sulphoxide of S-methylcysteine, 
ie. CH,.SO.CH,.CH(NH,).CO,H. Confirmation 
for this view was obtained, following Stoll & 
Seebeck (1948), by reduction with metabisulphite 
at room temperature. The reaction was allowed to 
proceed until there was no further change in 
optical rotation. S-Methyl-L-cysteine was isolated 
from the reaction mixture, which further confirmed 
the L configuration at the «-C atom. 

We then undertook synthesis. Although we have 
found in the literature two reports of preparation of 
sulphoxides from S-methyl-L-cysteine by oxidation 
with hydrogen peroxide (Bentley, McDermott & 
Whitehead, 1951; Yurugi, 1954), no attempt to 
resolve the diastereoisomers resulting ‘from the 
asymmetry introduced at the S atom seems to have 
been recorded. Lavine (1947) used fractional 
crystallization of picrates to resolve the diastereo- 
isomeric sulphoxides of methionine ; Stoll & Seebeck 
(195la) resolved those of S-allyleysteine and S- 
propyleysteine by direct crystallization. 

Following Stoll & Seebeck (1951a) we oxidized S- 
methyl-L-cysteine with aqueous hydrogen peroxide 
at room temperature and obtained a largely 
crystalline product. Fractional crystallization of 
this either directly or as picrate (after addition of 
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4—} mol.prop. of picric acid) led indeed to fractions 
having optical rotations greater and less than that 
of the starting material, but it was soon clear that, 
at best, much wasteful recrystallization would be 
necessary before the rotation of the natural material 
could be apprcached. Filter-paper chromatography 
with collidine-water showed some resolution, but 
was not very encouraging. 

Accordingly, we tried resolution of the mixture by 
chromatography on a cation-exchange resin, in view 
of the results of Moore & Stein (1954a) with the 
diastereoisomeric sulphoxides of methionine. This 
was successful. The form of the elution curves 
suggested three zones (Fig. 3), of which the first 
two (I) were imperfectly resolved, and gave a poorly 
crystallizing product having strong negative rota- 
tion. The third zone (II) gave a well crystallizing 
product having the same optical rotation, both in 
water and in acid, as the natural material. Identity 
was further confirmed by elementary analysis and, 
conclusively, by a crystallographic comparison by 
Mr R. Hine and Dr D. Rogers, whose report is given 
in the Experimental section. The chromatographic 
results strongly suggest that the action of hydrogen 
peroxide on S-methyleysteine produces, besides the 
expected diastereoisomeric sulphoxides, a third 
substance also giving a colour with ninhydrin and 
closely similar to the (— )-sulphoxide in chromato- 
graphic behaviour. This might be homologous with 
the intermediate ‘dehydromethionine’ formed 
during the oxidation of methionine (Lavine, 1945, 
1949). (+ )-(S-Methyl-1-cysteine S-oxide) (MCS), on 
oxidation with hydrogen peroxide in presence of 
molybdate followed by paper chromatography (cf. 
Dent, 1948), gave a new spot in position C (Fig. 2). 
We assume this to be the sulphone; the relative 
positions of the spots in Fig. 2 are clearly analogous 
with those for the corresponding derivatives of 
methionine (Dent, 1948). However, S-methy]l- 
cysteine and MCS are only very incompletely 
oxidized to sulphone by peroxide—molybdate, and 
mostly sulphoxide remains. MCS thus seems to be 
more stable to this reagent than the corresponding 
methionine derivative. With bromine water it is 
quite unstable; MCS readily consumed 3—4 atoms 
of bromine per molecule; paper chromatography of 
the reaction product showed complete destruction, 
with no formation of the sulphone or of any other 
amino acid. 

MCS seems, judged by the optical rotation, to be 
stable to N-HCl at room temperature. Hot HCl, as 
stated above, gives S-methyleysteine, ammonia, 
some CO, and an unpleasant cabbage-like odour. 
Vilkki (1954) noted a similar instability to hot acid 
of an amino acid isolated by him from onion and 
thought to be alliine. Among the decomposition 
products he recognized about 0-9 mol.prop. as 
cyst(e)ine and about 0-1 mol.prop. as equimolar 
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amounts of ammonia and pyruvic acid (see also 
Challenger & Hollingworth, 1954; Osono, Mukai & 
Tominaga, 1955). MCS does not seem to be stable to 
alkali at room temperature, judged by the irre- 
versibility of the potentiometric titration with 
alkali. With hydriodic acid under the Zeisel condi- 
tions, Dr Cornforth reported only 0-3 mol.prop. of 
methyl iodide. Much further work is required to 
throw light on the reactivity of sulphoxide groups 
and their effects on the stability of amino acids 
when incorporated at different positions in the 
molecule. 

It appears from the ionophoretic and potentio- 
metric results now reported that the carboxyl group 
of MCS is somewhat stronger than that of ordinary 
a-amino acids. The same is presumably also true for 
the sulphoxides of methionine, and explains the 
early emergence from columns of cation-exchange 
resin. However, the resolution of diastereoisomeric 
sulphoxides on such columns is not explained by 
differences of pK of their carboxyl groups, and 
presumably depends on some other aspect of their 
interaction with the resin, as our attempts to resolve 
the mixed diastereoisomeric sulphoxides of S- 
methyl-L-cysteine by paper ionophoresis at low pH 
showed no differences of behaviour. 

Our experiences with MCS in cabbage should 
serve as an object lesson against the common 
practice of describing indiscriminately as ‘peptides’ 
substances which give ninhydrin-staining spots on 
paper chromatograms and which disappear and are 
replaced by new spots when the material has been 
subjected to acid hydrolysis. 

Yurugi (1954) obtained circumstantial evidence 
for the occurrence of S-methylceysteine S-oxide in 
Allium spp. (see below). Substance ‘23’, isolated by 
Westall (1955) from human urine, had similar 
properties to MCS except that it failed to crystallize 
and its conversion into the brown spot ‘6A’ by 
peroxide—molybdate was complete. On this basis 
‘6’ and ‘6A’ could be S-methyleysteine and the 
sulphone respectively. 

Several other sulphoxides have already been 
recognized in nature. Of these, the only well- 
authenticated amino acid is alliine, (+ )-(S-allyl-.- 
cysteine S-oxide), which occurs free in garlic. Work 
with alliine has been reviewed by Stoll & Seebeck 
(19516; see also Stoll & Jucker, 1955; Yurugi, 1954). 
There have been numerous reports of the natural 
occurrence of methionine sulphoxide, but these have 
been mostly based on paper chromatography, and 
no isolation or stereoisomeric identification seems to 
be on record. Schmid & Karrer (1948a, b, c) have 
isolated the sulphoxide-isothiocyanate ‘sulphora- 
phene’ and the corresponding nitrile from radish 
seeds (see also Kjaer & Gmelin, 1955). Zwergal 





(1951) isolated the next higher homologous sul- 
phoxide-nitrile from kohl rabi. These compounds 
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have obvious relations with the sulphone-isothio- 
cyanates cheirolin and erysolin, also found in 
cruciferous plants. Reichstein (1936; cf. Reichstein 
& Goldschmidt, 1936) isolated bis-(8-hydroxyethy]) 
sulphoxide from adrenal glands, but this may have 
been an artifact of the alkaline hydrolysis used in the 
isolation. Of the sulphoxides of biotin, the (+)- 
sulphoxide was isolated by Melville (1954; ef. 
Melville, Genghoi & Lee, 1954) from milk, although 
he did not demonstrate the absence from the milk of 
the (—)-sulphoxide. Both isomers were formed by 
oxidation of biotin with hydrogen peroxide. The 
(—)-sulphoxide has been found in culture filtrates of 
Aspergillus niger from which the (+ )-sulphoxide 
was shown to be absent (Wright & Cresson, 1954; 
Wright, Cresson, Valiant, Wolf & Folkers, 1954; 
Wright & Driscoll, 1954). 

Since in several of these natural sulphoxides the 
S atom is a centre of asymmetry, it is important that 
their configurations should be established. This has 
not yet been done for any sulphoxide, synthetic or 
natural. Mr Hine and Dr Rogers are now under- 
taking an X-ray structural analysis of MCS 
which, if successful, should relate the configura- 
tion at the S atom with that at the «-C atom, which 
is known, thus superseding the proposal of Schmid 
& Karrer (1948c) to use sulphoraphene as the 
configurational reference compound for asymmetric 
sulphoxides. 

We have examined a number of other cruciferous 
plants for the possible presence of MCS, but have 
found evidence for it only in some (see Table 1). 
Cruciferous vegetables are well known to contain 
much organic sulphur (e.g. Dahlen, 1874; Salkowski, 
19146); using Dahlen’s figures for cabbage (0-41- 
0-48 % organic 8 on dry matter) we can account for 
about a quarter of this as MCS. 

As to the metabolic role of MCS in the plant, one 
may speculate on its relationship to the sulphonium 
compound S-methylmethionine found, in much 
smaller amount, in cabbage by McRorie et al. (1954), 
and in asparagus by Challenger & Hayward (1954). 
MCS may likewise give rise to methanethiol and 
related volatile compounds commonly described as 
having the odour of decaying cabbage. The evolution 
of methanethiol and H,S on cooking some cruci- 
ferous vegetables was reported by Niemann (1893) 
(cf. Rubner, 1893). Rubner gives much information 
on the occurrence and properties of mercaptans 
which has escaped notice in Beilstein’s Handbuch. 
Nakamura (1925) described the isolation of methane- 
thiol from roots of Raphanus sativus. Zwergal 
(1951) obtained H,S and mercaptan by steam 
distillation of kohl rabi. MCS could conceivably also 
act as precursor for the CH,-S group in sulphora- 
phene and related compounds and for the =C=S 
moiety of the isothiocyanate radical in mustard oils, 
which may be formed by addition of such a group 
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to decarboxylated amino acids (cf. Barger & Coyne, 
1928; Kjaer, 1954). Yurugi (1954) and Yurugi, 
Matsuoka & Togashi (1954) have investigated the 
reaction of alliine and similar compounds with 
thiamine, to form allithiamine, etc. This reaction is 
catalysed by an enzyme present in garlic. Their 
enzyme preparations gave the methyl analogue of 
allithiamine when S-methyleysteine S-oxide and 
thiamine interacted in its presence. As the same 
compound was formed when crude preparations 
from numerous Allium spp. acted on thiamine, it 
can be inferred that MCS as well as alliine was 
present in these. 

Any relationship of MCS to the antibiotic or 
antithyroid properties of cabbage remains to be 
investigated. 

Salkowski (1914a,6; 1917) noticed abnormal 
occurrence of thiosulphate in the urine of rabbits fed 
exclusively on cabbage. He showed that the pre- 
cursor could be extracted from the cabbage with 
boiling water, and was destroyed by hot hydro- 
chloric acid, so it could well have been MCS. MCS 
might also be the precursor of mercaptan found in 
the urine after cruciferous vegetables had been eaten 
(Rubner, 1893). Salkowski (1914a) found that 
mercaptan distillable from the urine of his cabbage- 
fed rabbits appeared, along with S and H,S, only 
after the urine had been heated with hydrochloric 
acid. This may indicate that MCS was present in the 
urine as such. 

A preliminary account of some of this work was 
communicated to the Biochemical Society (Synge & 
Wood, 1955). Morris & Thompson (1955) published 
a note on the isolation from turnip of MCS, with 
parallel evidence in support of the proposed 
structure. 


EXPERIMENTAL 


General methods 


’ Unless otherwise stated, N was determined by the micro- 


Kjeldahl procedure, Cand H by Dipl. Chem. Pascher, Bonn, 
and S at the microanalytical laboratory of the National 
Institute for Medical Research. All evaporations were done 
in vacuo below 40°. Analyses were on samples dried to 
constant wt. over H,SO, and soda-lime in vacuo at room 
temp. Optical rotations were measured in a 0-5 dm. tube. 
Two-dimensional filter-paper chromatography of amino 
acids was as described by Synge (1951), except that treat- 
ment with H,O, was omitted when not specified here. 


Isolation of MCS from cabbage 


Isolations have been made from cabbages acquired from 
different sources at different times of year with essentially 
similar results. We give here details of our largest prepara- 
tion, done when we had most experience and got highest 
yield. 

Three freshly picked large cabbage heads grown on 
the Duthie Experimental Stock Farm of this Institute 
(29 November 1954) weighed 5 kg. They were chopped, 
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treated with ether and pressed (cf. Synge, 1951) to give 
1-72 1. of pale-yellow juice containing 1-92 g. N. This was 
dialysed in cellophan against 10 1. of distilled water (satur- 
ated with CHCI,) for 5 days at 0-2°. The diffusate (9-6 1.) 
contained 1-50 g. N. The original cabbage had total N, 
2-4% of dry matter. The fresh cabbage contained 7-5 % of 
dry matter (drying to const. wt. at 105°). Assuming even 
distribution of diffusible N between bag contents and 
diffusate, 95% of the N expressed in the ether—water 
treatment was diffusible and, if the water remaining in the 
press cake contained the same concentration of diffusible N 
as the expressed juice, diffusible N represented about 50% 
of the total N of the cabbage. 

On diffusate from a different cabbage sample, carboxyl-N 
determinations had corresponded to 62% of the diffusible N, 
rising to 74 % after hydrolysis with 6N- HCl for 24 hr. at 105° 
(procedure of Synge, 1951). 

Three cylindrical columns (each 38 cm. x 5-4 cm.) were 
packed with Zeo-Karb 215 (Permutit Co. Ltd., London, W. 4) 
cation-exchange resin (H* form) in water, and coupled in 
series with short lengths of narrow tubing (cf. Westall, 
1950). Diffusate (9-5 1.) was passed through the columns, 
followed by water (41.). The effluent was discarded. 
Aqueous NH, (0-15) was then used for development, and 
the effluent was tested at intervals for colour on heating with 
ninhydrin. Colour was noted as soon as a light-brown zone 
reached the bottom of the chromatogram. Two further 
columns of fresh resin (9 em. x 1-2 em. and 7 em. x 0-8 cm. 
respectively) were then connected in series to the bottom of 
the third column and development with NH, was continued, 
the effluent being collected in 20 ml. fractions as soon as it 
was ninhydrin-positive. Paper chromatography on small 
samples showed in fraction 1, aspartic acid; 2-6, aspartic 
acid, glutamic acid, MCS, serine; 7-19, same as 2-6 with 
threonine and glutamine; 20-60, threonine, glutamine, 
asparagine, valine, proline, leucine, etc. Fractions 2-19 
were pooled and weighed 2-5 g. after evaporation to dryness. 

Kieselguhr (Hyflo-Supercel, Johns-Manville Co., London) 

(90 g.) was well mixed with 60 ml. of the aqueous phase of 
the system phenol—water (prepared from redistilled A.R. 
phenol), made to a slurry with phenol-rich phase and packed 
in a chromatographic column (5-4 em. diameter) with the 
procedure and special tool of Howard & Martin (1950). The 
column was washed with 300 ml. of phenol-rich phase, which 
removed some yellow material from the kieselguhr. The 
fraction from the Zeo-Karb column was then transferred 
(15 ml. of phenol-rich phase being used in all) to the kiesel- 
guhr column; development proceeded with phenol-rich 
phase in a cool room (15°) without special temperature 
control. The effluent became ninhydrin-positive after 265 ml. 
had emerged (from beginning of placing amino acids on 
column). Fractions (3 ml.) were then collected, of which, on 
paper chromatography of small samples, the first ten showed 
only MCS; thenextsix showed traces of MCS, also glutamine; 
the next five, glutamine only. The first ten fractions were 
pooled and evaporated to dryness, water being added 
repeatedly, so that aqueous phase was always present during 
the evaporation. Yield, 706 mg. of pale-pink crystals. This 
residue was dissolved in water and decolorized with 50 mg. 
of charcoal. The charcoal was filtered off and washed well 
with water. Filtrate and washings were evaporated to small 
volume, and brought to crystallization by addition of 
ethanol at 0°. The resulting crystals of MCS were filtered off, 
washing with cold ethanol (yield, 658 mg.). 








Properties of MCS isolated from cabbage 


MCS began to turn brown above 140° and had m.p. 
(uncorr.) 167-168° (decomp. with much browning and 
frothing) ; [«]?} + 118° in water (c, 1-5); [a]?! + 168° in N-HCl 
(c, 1-5). (Found: C, 32-1; H, 6-0; N,9-3; 8, 21-4%. C,H,O,NS 
requires C, 31-8; H, 6-0; N, 9-3; S, 21-2%.) In the Van 
Slyke amino-N determination (nitrite, 4 min. reaction time) 
96% of the N reacted as amino N at 18°. In the ninhydrin-— 
CO, determination (Van Slyke, Dillon, MacFadyen & 
Hamilton, 1941; modification of Synge, 1951; pH 4-7, 
reaction vol. 3 ml.) 92% of the N reacted as carboxyl N. All 
our preparations had a faint but characteristic odour of 
cabbage. 

Potentiometric titration. This is plotted in Fig. 1 and shows 
agreement with the theoretical curve for a compound 
having two ionizing groups (pK 1-7 and 8-0 respectively) 
in the formula weight 151. There was irreversible con- 
sumption of alkali at the higher pH values, suggesting 
decomposition. 

Ionic mobility at different pH. values. This was studied by 
filter-paper ionophoresis in 0-16 acetic acid (pH 3 approx.) 
and in 0-04m sodium phosphate buffer (pH 7-1). Technical 
details were as given by Ellfolk & Synge (1955). N-2:4- 
Dinitrophenylethanolamine was used as marker of electro- 
endosmosis (cf. Mould & Synge, 1954). In the phosphate 
buffer (10v/em. for 4 hr.) L00ug. of pi-alanine had not 
migrated, whereas 100ug. of MCS had migrated 3-5 cm. 
towards the anode relative to the marker. In the acetic acid 
(20v/cm. for 4 hr.) the alanine spot had migrated 10 cm. 
and the MCS spot 6 em. towards the cathode relative to the 
marker. The amino acids were detected by spraying with 
ninhydrin. 

Filter-paper chromatography. MCS gave a single spot at 
position A (Fig. 2), giving a rather pinker colour than the 
common amino acids with ninhydrin on papers imperfectly 
dried after the ‘collidine’ run. 

Behaviour on heating in acid. MCS (5 mg.) was heated for 
24 hr. in 1 ml. of 6N-HCl in a sealed evacuated tube at 105°. 
CO, was determined on opening the tube after connecting it 
to the Van Slyke apparatus (cf. Synge, 1951), and amounted 
to 0-066 mol./atom of N taken. The solution smelt strongly of 
foul cabbage. It was evaporated repeatedly to dryness with 
additions of water. The residue was dissolved in water and 
samples were analysed. (a) The ninhydrin—CO, reaction (as 
above) gave carboxyl N, 42% of N taken. (b) By the Conway 
microdiffusion method (cf. Synge, 1951) was found NH,-N, 
58 % of N taken. (c) Filter-paper chromatography showed 
a single spot at position B (Fig. 2), coinciding on a mixed 
chromatogram with authentic S-methyl-L-cysteine (see 
below). The material also behaved in the same way as 
S-methyl-t-cysteine under the treatments with H,O, 
described in the following paragraph. 

Behaviour of MCS and S-methyl-L-cysteine with oxidizing 
agents. (a) Hydrogen peroxide alone. Acting on S-methyl-.- 
cysteine under the conditions described below for synthesis 
of MCS, H,O, completely destroyed the starting material 
and gave a product which on paper chromatography gave 
a spot in position A (Fig. 2) coinciding on mixed chromato- 
grams with MCS but, unlike MCS, showing a tendency to 
doubling in the collidine direction. 

(b) Hydrogen peroxide with molybdate. MCS or S-methyl-t- 
cysteine (0-2 mg.) was dissolved in 20ul. of 0-02% (w/v) 
ammonium molybdate; 101. of 30% (w/v) H,O, was added 
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and the solution kept at room temperature for 1 hr. Subse- 
quent paper chromatography gave closely similar results 
with either substaace—a strong spot at position A and a 
weaker brownish pink spot at position C (Fig. 2). The latter 
was judged to be the sulphone. 

(c) Bromine water. MCS (3-05 mg.) was dissolved in 2 ml. 
of 0-0119N-HCl, 2 ml. of 1% (w/v) aqueous Br, was added, 
the flask stoppered and the mixture kept for 50 min. at 20°. 
The first drops of Br, solution were decolorized immediately. 
A blank experiment was done side by side. 40%, (w/v) 
aqueous KI (1 ml.) was added to both flasks. Titration with 
thiosulphate indicated that the MCS had consumed 
0-0662 mg. equiv. of bromine, i.e. 3-28 atoms of Br/mol. of 
MCS. A sample of MCS treated with Br, under the same 
conditions and then evaporated to dryness showed no 
ninhydrin-staining spots on filter-paper chromatography. 
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Fig. 1. Potentiometric titration. MCS (24-18 mg.) was 
dissolved in 5 ml. of water and titrated at 14-17° with 
exclusion of CO, by means of a glass electrode connected 
to a Cambridge pH meter (calomel reference electrode), 
which had been calibrated with standard buffers at 
pH 4-0 and 9-2 (checked at end of run). The consumption 
of acid and alkali is plotted after subtracting the amounts 
required to attain same pH in a blank titration on 5 ml. 
of water. @, Initial titration with 0-116N-H,SO, to 
pH 2-1; O, back titration with 0-126N-NaOH to pH 12 
(at this pH the soln. was faintly cloudy—mixture kept 
for 30 min.); [, titration with 0-116N-H,SO, from pH 12 
to pH6. Curve is theoretical for ampholyte having 
equiv.wt. 151, pK values 1-7 and 8-0. 
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Fig. 2. Rp, values on two-dimensional paper chromato- 
grams (see text). A, MCS; B, S-methylceysteine; C, 
supposed S-dioxide of S-methyleysteine. Positions of 
some common amino acids are included for reference. 
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Reduction to S-methyl-L-cysteine of MCS from cabbage. 
MCS (50 mg.) and sodium metabisulphite (100 mg.) were 
dissolved in 0-5 ml. of air-free distilled water and trans- 
ferred to a polarimeter tube. The solution had initially a 
strong positive rotation which fell, settling in the course of 
3 weeks to a small negative value. The solution was then 
washed out of the tube with water, 0-15 ml. of 10N-HCl was 
added, and the mixture evaporated to dryness. The residue 
was extracted with three portions of hot ethanol, and the 
combined filtered extracts were evaporated to dryness. This 
residue was dissolved in 0-5 ml. of water, 75yul. of pyridine 
was added, and the mixture brought to crystallization by 
partial evaporation with additions of ethanol. Yield, 19 mg. 
of colourless crystals. Chromatography with and without 
admixture of authentic S-methyl-L-cysteine gave a single 
spot at position B (Fig. 2). Combustion revealed 8-5% of 
ash. This was assumed, from the manner of preparation, to 
be due to NaCl, and the following analytical data and 
optical rotation have been corrected by making allowance 
for the original presence of 11% of salt. [Found: C, 35-6; 
H, 6-7; N (Dumas, by Pascher), 10-3; S (by Pascher), 22-9 %. 
Calc. for C,H,O,NS: C, 35-6; H, 6-7; N, 10-4; S, 23-7%.] 
[x]}7 —34° in water (c, 0-8). du Vigneaud, Loring & Craft 
(1934) record for S-methyl-L-cysteine [«]7?-?? —31-2° and 
—32-0° in water (c, 1). 


Synthesis and resolution of the S-oxides of S-methyl- 
L-cysteine : comparison of synthetic and natural MCS 


S-Methyl-L-cysteine was prepared from L-cystine by the 
Na-NH,-methyl iodide procedure of du Vigneaud e¢ al. 
(1934) and had [«]?? — 32° in water (c, 1-0). This product 
(0-63 g.) was dissolved in 7-7 ml. of water, 0-55 ml. of 30% 
(w/v) H,O, was added and the mixture kept 24 hr. at room 
temp. with occasional shaking. The solution was then 
evaporated to dryness. The colourless, largely crystalline 
residue had [«]}?—16° in water (c, 1-0), and was freely 
soluble in water. It showed in all cases the same behaviour 
as described above for MCS from cabbage on filter-paper 
ionophoresis, filter-paper chromatography, heating with 
acid and treatment with oxidizing agents, except for the 
tendency to give a double spot on filter-paper chromato- 
graphy with collidine (see above). 

Resolution of the mixture was effected chromatographic- 
ally on Dowex 50-X4 as processed to AG50-X 4 (200-400 
mesh/in. H* form) by Bio-Rad Laboratories, 800 Delaware, 
Berkeley, California. The general procedure of Moore & 
Stein (1954) was followed. After the resin had been washed 
with HCl and NaOH as described, it was made into a 
column (90cm. x2cm.) and equilibrated with the de- 
veloping sodium citrate buffer, made up as for the pH 2-2 
buffer of Moore & Stein (1954a, Table 1), except that 85 ml. 
of HCl was used instead of 80 ml. and the final volume was 
6-65 |. instead of 5 1. (pH 2-13). When the pH of the effluent 
had reached that of the inflowing buffer, 75 mg. of the 
sulphoxide mixture dissolved in 5 ml. of 0-1N-HCl was 
placed on the column and development started at 20 ml./hr. 
No special temperature control was used; 5 ml. fractions 
were collected. One-tenth of each fraction was used for the 
ninhydrin spectrophotometric determination as described 
by Moore & Stein (19546), except that an EEL portable 
colorimeter with 570 my. filter (Evans Electroselenium 
Ltd, Harlow, Essex) was used. Fig. 3 shows the results. The 
form and relative breadth of the peaks was the same in five 
different experiments; it seems that at least two different 
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Fig. 3. Chromatography on Dowex 50-X4 of mixture 
obtained by oxidizing S-methyl-t-cysteine with aqueous 
hydrogen peroxide (eluting buffer, pH 2-13). For details 
see text. 


components must be present in the first peak. The remainders 
of the fractions comprising peak I (1260-1520 ml.) and peak 
II (1530-1620) ml. were pooled separately. The amino 
compounds present were freed from buffer constituents by 
passing the solution through a column of Zeo-Karb 215 
(H* form) (30 g./100 ml. buffer), washing with water till the 
effluent had pH 4 and displacing the amino compound with 
0-15N-NH,, as in isolating MCS from cabbage. The mini- 
mum necessary NH, was allowed to emerge and the solution 
was evaporated without delay. Nevertheless, slight dis- 
coloration and contamination resulted from having the 
amino acid in contact with Zeo-Karb 215 in an ammoniacal 
environment, and some alternative desalting procedure 
would be preferable. Peak I yielded 30 mg. of crystals 
embedded in syrup, [«]}; — 79° in water (c, 1-0). This fraction 
was not further studied. Peak II yielded 36 mg. of highly 
crystalline product: [«]?6 + 118°in water (c, 1-0) ; [«]?? + 172° 
in N-HCl (c, 1-0). In the HCl, the specific rotation fell within 
2hr. to +148°, at which value it remained constant for 
24 hr. We attribute this change to reaction with traces of 
reducing material from the buffer constituents or resins. 
[Found: C, 31-9; H, 6-0; N, 9-4; S, 21-0% (dried at 56° in 
vacuo). C,H,O,NS requires C, 31-8; H, 6-0; N, 9-3; S, 
21-2%.] 

In addition to the comparisons already described the 
synthetic (+)-(S-methyl-L-cysteine S-oxide) was further 
compared with the material from cabbage as follows. The 
synthetic and natural products behaved identically on two- 
dimensional paper chromatograms individually and 
in mixture. The synthetic product had m.p. 167—168° 
(decomp.), not altered by admixture of the natural product. 
Synthetic and natural products were recrystallized by slow 
addition of ethanol to concentrated aqueous solutions, and 
the crystals submitted to Mr R. Hine and Dr D. Rogers of 
the Department of Physics, University College, Cardiff, who 
reported as follows (9 January 1956): 

‘Single crystals of both the natural and the synthetic 
materials were photographed with X-rays using stationary- 
film and Weissenberg techniques. The dimensions and 
intensities of the reciprocal lattices were found to be 
identical and, as the synthetic material had already been 
resolved by Synge & Wood to give the form corresponding 
optically with the natural material, the identity of the 
products is established. 

‘The material crystallizes in clusters of very thin irregular 
plates or laths which exhibit parallel extinction, the long 
axis (a) of the laths being slow. 

Bioch. 1956, 64 
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Table 1. Distribution of S-methylcysteine S-oxide in some cruciferous plants 
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With the exception of cabbage, cauliflower and kale (where the heads were used) the whole plant was taken for analyses, 


Date and place 





Species Common name of obtaining* Result 

Alyssum saxatile L. Golden tuft 18. viii. 55 B - 
Arabis albida Stev. 18. viii. 55 B - 
Aubrieta deltoidea (L.) DC. 18. viii. 55 B - 
Barbarea vulgaris R.Br. Winter cress or yellow rocket 18. viii. 55 B - 
Brassica campestris L. Turnip 20. ix.55 D + 
B. oleracea L. Cabbage See text + 
Cauliflower 8. vi. 55 P + 

Kale 20. ix.55 D + 

Capsella bursa-pastoris L. Shepherd’s purse 7.vi.55 B + 
Cardamine hirsuta L. Hairy bitter cress 5B - 
Cheiranthus cheiri L. Wallflower B + 
Cochlearia officinalis L. Scurvy grass E - 
Hesperis matronalis L. Dame’s violet B ~ 
Iberis sempervirens L. Candytuft B - 
Lepidium sativum L. Cress P - 
Lunaria annua L. Honesty B - 
Matthiola incana (L.) R.Br. Stock B - 
Nasturtium officinale R.Br. Water cress P - 
Raphanus sativus L. Radish ? - 
Sinapis alba L. White mustard 55 B + 
19. viii. 55 B - 


Sisymbrium officinale (L.) Scop. 


* B, Botanic Garden, University of Aberdeen; D, Duthie Experimental Stock Farm, Rowett Institute; E, Estuary of 


Hedge mustard 


River Dee, Aberdeen; P, purchased commercially. +, MCS detected; —, MCS absent (see text). 


‘The crystals are orthorhombic with a unit cell having the 
dimensions: a=5:2+0-054; b=7-4+0-14; c=16-3+0-14. 

‘The systematically absent spectra indicate uniquely the 
space group P2,2,2, and, assuming 4 molecules per unit cell, 
the calculated density is 1-54 g.cm.~* (obs. 1-56 g.cm.—).’ 


Tests for MCS in cruciferous plants 


Juice expressed after ether treatment was placed in the 
specimen compartment of a four-compartment diaphragm 
cell (Synge, 1951) and desalting was effected at pH 6 until 
current had fallen to 10ma; desalting was not continued for 
long enough to remove much aspartic or glutamic acid from 
the specimen compartment. An amount of desalted juice 
corresponding to 200 ug. of N in the original juice was sub- 
jected to two-dimensional filter-paper chromatography. To 
a duplicate sample MCS (1-85yg. of N) was added as a 
control. The results are given in Table 1. In every case 
where MCS is noted as absent from the original juice, a new 
spot was easily seen at position A (Fig. 2) in the control. The 
negative results therefore indicate that considerably less 
than 1 % of the N of the juice (predominantly non-protein N) 
was MCS. Positive results cannot be taken as conclusive 
evidence for the presence of MCS, as many other amino 
compounds are known to occupy similar positions on the 
chromatograms. 


SUMMARY 


1. A new amino acid has been isolated from 
cabbage. It occurs free, accounting for more than 
4% of the non-protein N. Chemical study indicated 
that it is one of the diastereoisomeric sulphoxides 
of S-methyl-L-cysteine. 

2. (+)-(S-Methyl-L-cysteine S-oxide) (MCS) was 
isolated by ion-exchange chromatography from the 
reaction products of S-methyl-L-cysteine with 


hydrogen peroxide, and shown to be identical with 
the amino acid from cabbage. The identification 
included a preliminary crystallographic study by 
Mr R. Hine and Dr D. Rogers, who are embarking 
on structural studies aimed at determining the 
absolute configuration at the sulphur atom. 

3. The behaviour of MCS with oxidizing agents 
and under the conditions of acid hydrolysis of 
proteins showed some unexpected features. 

4. A number of cruciferous plants have been 
examined for possible occurrence of MCS. 

5. Relationships of MCS with other naturally 
occurring S compounds are discussed. Reference is 
made to nineteenth-century data on occurrence and 
properties of mercaptans which have escaped notice 
in Beilstein’s Handbuch. 

We are grateful to Dr J. W. Cornforth for analyses, to 
Dr Dorothy Downie for botanical specimens and to Mr R. 
Hine and Dr D. Rogers for their crystallographic studies. 
We further thank all these and Dr G. M. Ellinger, Dr W. 
Klyne, Dr 8. Moore, Professor A. Neuberger, Mr N. W. Pirie 
and Mr R. G. Westall for their advice and interest in the 
work. 
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The Separation, Micro-Estimation and Distribution 
of the Alkaloids of Hemlock (Conium maculatum L.) 


By B. T. CROMWELL 
Department of Botany, University of Hull 


(Received 11 November 1955) 


From the tissues of Coniwm maculatum the alka- 
loids coniine (I), N-methyleoniine, y-coniceine (II), 
conhydrine (III) and pseudoconhydrine (IV) have 
been isolated (Henry, 1949; Marion, 1950; Cromwell, 
1955). 

The alkaloids (III) and (IV) are present in very 
small amount and were first isolated from the 
residues from the separation of the major alkaloids 
of the group. 

Methods for large-scale isolation and separation of 
the alkaloids have been described by Wolffenstein 
(1895) and Braun (1905). Farr & Wright (1904) 
have described titrimetric and gravimetric methods 
for the estimation of the total alkaloids (expressed 
as coniine) of hemlock tissues, and Madaus & 
Schindler (1938) have estimated the total alkaloid 
content of tissues during the growth and repro- 
ductive phases of the plant. Methods for the esti- 


mation of-the individual alkaloids of the group do 


not appear to have been described ; the object of the 
present work was to develop methods for the 
separation and micro-estimation of each alkaloid of 
the group, and to use these methods for a study of 
the distribution of the alkaloids in the plant during 
the phases of growth and reproduction. 
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MATERIALS AND METHODS 


Plant material. C. maculatum is a biennial growing wild in 
many parts of Britain. Material from both first- and second- 
year plants growing locally was collected as required. Seed 
was obtained from wild plants and seedlings were raised in 
boxes in the greenhouse. 

Preparations. Synthetic (-)-coniine was prepared from 
2-methylpyridine by the method of Koller (1926) and con- 
verted into the hydrochloride. After repeated recrystalliza- 
tion from warm acetone, a product melting sharply at 212° 
was obtained. N-Methyleoniine was prepared from (+)- 
coniine by methylation with potassium methyl sulphate 
(Passon, 1891), and converted into the hydrochloride which 
was purified by recrystallization from warm acetone. The 
purified N-methyl-(-+)-coniine melted at 168°. (+-)-Con- 
hydrine was prepared from pyridine-2-aldehyde by the 
method of Lautenschlager & Onsager (1918). After repeated 
recrystallization from light petroleum the base melted at 
99-100°. The method of Hofmann (1885) was used for the 
preparation of y-coniceine from bromoconiine. The base was 
converted into the hydrochloride and purified by band 
chromatography on Whatman no. 3MM paper as described 
below. The purified product (92 mg.) melted at 142°. 

The method of Lipp (1892) was used for the preparation of 
2-methylpiperidein from 6-bromohexan-2-one prepared by 
the method of Anderson, Crawford & Sherrill (1946). The 
base was converted into the aurichloride, which was purified 
by recrystallization from hot water (m.p. 143-144°). 
Pipecolinic acid hydrochloride was prepared from 2-methyl- 
pyridine by the method of Clemo & Ramage (1931). The 
product, after recrystallization from ethanol containing 
40% (v/v) of benzene, melted at 257°. It was not found 
possible to prepare pseudoconhydrine synthetically and, as 
a supply of the natural alkaloid was not available, a study of 
this minor alkaloid could not be undertaken in the present 
work. 


Extraction of alkaloids from the tissues 
of Conium maculatum 

The alkaloids are readily volatile in steam and can be 
isolated from the macerated tissues after release of the free 
bases with alkali. For bulk isolation it has been found 
advantageous to extract the alkaloids from fresh material 
with ethanol before steam distillation rather than to distil 
directly. By the adoption of this preliminary extraction, 
difficulties likely to be encountered in the handling of large 
quantities of macerated material are avoided and the 
distillation can be carried out smoothly and without frothing. 
Fully developed green fruits were used for the extraction. 
Alternatively, leaves from plants in the first year of growth 
were used. A total of 3 kg. of material was extracted in 
batches of 300 g. with 95% ethanol for 5 min. in a Waring 
Blendor. The ethanolic extract was filtered through muslin, 
the residue squeezed out and washed once with 95% 
ethanol. The washings were added to the filtrate, and a 
further filtration (Whatman no. 1 paper) was carried out to 
remove cell debris which passed through the muslin. The 
filtrate was acidified to pH 2 by the addition of 10N-HCl and 
transferred to a large evaporating basin, and the ethanol 
removed on a boiling-water bath. The dark-brown residue 
was extracted with warm water (100 ml.), the solution 
filtered and transferred to the flask of a steam-distillation 


apparatus. A saturated solution of NaCl (50 ml.) was 


added and the solution made alkaline (pH 10) by the 
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addition of a solution of Na,CO, (20%, w/v). Steam was 
passed in until the distillate no longer reacted alkaline. The 
mixture of alkaloids was shaken out of the distillate with 
chloroform and finally extracted from the chloroform with 
0-5N-HCl. On evaporation of the acid solution on the water 
bath, the hydrochlorides of the alkaloids crystallized out. 
A portion of the mixture of hydrochlorides was benzoylated 
in alkaline solution (Braun, 1905), and unchanged N- 
methylconiine extracted from the ether extract with HCl 
(10%, v/v). On evaporation of the acid solution, the residue 
of N-methylconiine was recrystallized from warm acetone. 
A mass of white crystals melting at 188° was obtained. The 
m.p. of pure N-methyl-(+)-coniine is given as 188-189° 
(Marion, 1950). A picrate was prepared which melted at 
119°. The remaining portion of the alkaloids obtained from 
the extract of fruits was set aside for the isolation of {+)- 
coniine by the method of band chromatography. The 
mixture of alkaloid hydrochlorides obtained from leaf 
material was made strongly alkaline with NaOH solution 
and steam-distilled, and the alkaloids were extracted from 
the distillate with ether. After removal of the ether, the oily 
residue was fractionally distilled, and the fraction distilling 
at 170-173° was collected and used for the isolation of y- 
coniceine by band chromatography. The higher-boiling 
fraction which remained in the distillation flask was 
similarly used for the isolation of conhydrine. 

For the determination of the distribution of the alkaloids 
in tissues by the method of paper chromatography, 1-2 g. 
(wet wt.) of tissue (leaves, flowers or fruits) was ground with 
sand in a mortar and the mash (15 ml.) transferred to the 
flask of an all-glass semi-micro steam-distillation apparatus. 
A saturated solution of NaCl (10 ml.) was added, followed by 
1 g. of MgO. The receiving flask contained 5 ml. of 0-1N-HCI. 
Steam was passed into the apparatus for 20 min., during 
which time approx. 35 ml. of distillate was collected. The 
distillate was transferred to a flat-bottomed evaporating 
basin and allowed to evaporate slowly overnight on a water 
bath maintained at 55°. The residue of alkaloid hydro- 
chlorides was dissolved in ethanol and spotted on the papers. 
Root tissues contain low concentrations of alkaloids, and it 
was necessary to use larger quantities of material (up to 
50 g. wet wt.) in order to obtain the minimum amount of 
alkaloids detectable on paper. For the quantitative deter- 
mination of the alkaloids in roots, leaves, flowers and fruits 
the material was dried in an oven with forced draught at a 
temperature not exceeding 60°, finely powdered, and stored 
in a desiccator until required for use. Drying at low temper- 
ature did not appear to result in any appreciable loss of 
alkaloids from leaves, flowers or fruits, but results obtained 
with young roots gave some indication that a proportion of 
the small content of alkaloids may be lost in the drying 
process. 

For the micro-estimation of the alkaloids, 0-2-1 g. of 
powdered material was placed in the flask of the distillation 
apparatus. The powder was thoroughly wetted with 
ethanol, and water (15 ml.) and a saturated solution of 
NaCl (10 ml.) were added, followed by 1 g. of MgO. The 
distillation was carried out as described above. 


Colour reactions of the hemlock alkaloids 


Colour tests have been described by Dilling (1909). These 
tests are based on the earlier work of Melzer (1898), who 
showed that coniine, a secondary base, reacts with CS, to 
form the coniine salt of coniylthiocarbamic acid, which 
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with various metallic salts, including salts of copper, gives 
coloured complexes soluble in ether or toluene. Other 
secondary bases, e.g. conhydrine, y-coniceine and piperidine, 
give a positive reaction with thiocarbamate, but coniine 
appears to be the only hemlock alkaloid that gives a 
coloured complex with uranyl nitrate (or acetate) which is 
soluble in toluene (Dilling, 1909). Gabutti (1906) has 
described a test for coniine in which a red colour develops on 
the addition of a few drops of a dilute solution of sodium 
nitroprusside to a solution of coniine (or one of its salts) to 
which one or two drops of a dilute solution of Na,CO, have 
been added. On subsequent addition of a drop of acetalde- 
hyde, the red colour slowly changes to violet. 

For the colorimetric determination of quinine, Marshall & 
Rogers (1945) described a method based on the reaction of 
the alkaloid with bromothymol blue to form a yellow com- 
pound soluble in benzene and other organic solvents. It was 
found that the hemlock alkaloids also reacted with bromo- 
thymol blue to give yellow compounds soluble in benzene or 
toluene. A summary of the colour tests applied to solutions 
of the pure synthetic alkaloids is given in Table 1. 


Separation of the alkaloids by paper chromatography 


For the separation of the individual alkaloids from 
mixtures the ascending one-dimensional method was used 
with Whatman no. 1 or no. 3MM paper. A single-phase 
mixture of tert.-pentanol-tert.-butanol-n-HCl in water 
(9:3:2, by vol.) was the most satisfactory solvent system. 
The papers were cut into strips 35 em. x 19 cm., washed for 
5 min. in N-HCl and subsequently for 5 min. in water and 
dried in air. Preliminary washing was necessary to remove 
from the paper impurities that produced a yellow band with 
the solvent system, which interfered with the movement of 
the faster-moving alkaloids. The alkaloids were spotted on 
the paper as the hydrochlorides (in ethanolic solution) and 
the chromatograms run for 18 kr. The papers were dried in 
air at room temperature until most of the solvent was 
removed, and finally in an oven with forced draught at a 
temperature of 60° to remove all traces of HCl. The reagents 
used for the detection of the spots were I, (0-2%) in light 
petroleum and ninhydrin (0-1%) in acetic acid. The I, 
reagent was poured on the paper, and as the solvent 
evaporated the alkaloids became visible as brown spots 
which gradually faded. The ninhydrin reagent was used as 
a spray and the papers were heated at 105° to develop the 
colours. Should any HCl remain on the paper after drying, 
charring and disintegration of the paper will take place at 
this temperature. Violet colours are given with coniine, 
conhydrine, piperidine and 2-methylpiperidine, and 
yellowish brown colours with y-coniceine and other un- 
saturated secondary bases. No colour is given by N- 
methyleoniine. In addition, for the detection of y-coniceine 
and other piperideines, a solution of sodium nitroprusside 
(1%, w/v) made alkaline with 10% (w/v) Na,CO, solution 
was used as a spray. This solution gives red spots with y- 
coniceine and other piperideines. 

As much as 100 mg. of each of the alkaloids can be 
separated from mixtures by use of a series of 3MM papers 
(35 em. x 45 em.) on which the alkaloid solution is applied as 
a band 0-5 em. wide and 42 em. in length. A mixture of the 
hydrochlorides of the alkaloids (in ethanol) which contained 
the equivalent of 5 mg. of each alkaloid was applied as a 
band to each paper, and the chromatograms were run for 
18-24 hr. with the solvent system. The papers were dried as 
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described above, and the separated bands detected with the 
iodine reagent and marked with a pencil. After fading of the 
colours the bands were cut out and eluted with ethanol, and 
the eluates from all the papers used were combined. On 
removal of the ethanol, the hydrochlorides of coniine and 
N-methyleoniine crystallized out. The hydrochlorides of 
conhydrine and y-coniceine are deliquescent, but crystallize 
slowly on drying in a desiccator. On drying, the crystals of 
y-coniceine hydrochloride became green and finally rose- 
pink, colour changes characteristic of pure y-coniceine 
hydrochloride. When the filter paper is heavily loaded the 
separation of coniine from N-methylconiine presents some 
difficulty, as the band of N-methylconiine tends to merge 
with that of coniine. However, the line of demarcation of 
the coniine zone can be made visible by application of the 
ninhydrin reagent in the form of a streak across the bands. 

By the use of band chromatography the alkaloids ex- 
tracted from fruits of C. maculatum were isolated in amounts 
sufficient for characterization. Thus N-methyl-( + )-coniine 
was separated as the hydrochloride (75 mg.), m.p. 186—187° 
(mixed m.p. with a pure specimen of V-methyl-( + )-coniine 
hydrochloride showed no depression). Similarly, (+)- 
coniine was obtained as the hydrochloride (52 mg.) which 
melted at 219-220° and showed no depression of m.p. when 
mixed with ( +)-coniine hydrochloride obtained from pure 
synthetic (--)-coniine hydrochloride by resolution through 
the ( +)-tartrate. From leaf material of young plants in the 
first year of growth, y-coniceine hydrochloride (95 mg.), 
m.p. 140-142°, and conhydrine (30 mg.), m.p. 119°, were 
isolated. The specimen of y-coniceine hydrochloride showed 
no depression of m.p. when mixed with the pure synthetic 
compound. The m.p. of natural conhydrine (( + )-conhydrine) 
is given as 120-6° (Marion, 1950). The aurichloride prepared 
from the isolated conhydrine melted at 132° (pure con- 
hydrine aurichloride melts at 133°). 

Conhydrine (as hydrochloride) was eluted from the papers 
with ethanol. The ethanol was removed, the residue dis- 
solved in water (5 ml.) and the solution made strongly 
alkaline with NaOH and extracted with chloroform. On 
removal of the chloroform, a residue of conhydrine remained 
which was dissolved in light petroleum and allowed to 
crystallize slowly. The crystals appeared in stellate masses. 
The pure natural alkaloids isolated in the manner described 
above gave the same colour reactions and, when run on 
chromatograms, the same R, values as the synthetic 
alkaloids. 

Micro-estimation of the alkaloids. (a) y-Coniceine. This 
alkaloid can be estimated in the presence of the other 
alkaloids by means of the nitroprusside colour reaction. 
After steam distillation, as described above, the distillate 
(approx. 35 ml.) was transferred to a volumetric flask and 
the volume made up to 50 ml. with water. A portion (10 ml.) 
of this solution was pipetted into a tube, and 0-2 ml. of 
Na,CO, solution (10%, w/v) added, followed by 0-3 ml. of 
a freshly prepared solution of sodium nitroprusside (1%, 
w/v). A period of 5 min. was allowed for maximum colour 
development and the intensity of the colour read in a 
Spekker absorptiometer (A. Hilger and Co.) with the Ilford 
spectrum blue filter and 2 cm. cells. Fading of the red 
colour takes place after a period of 15 min. Over the range 
from 20 to 200g. the extinction was proportional to the 
concentration of y-coniceine (H =0-45 for 100 yg.). 

(b) The micro-estimation of coniine, N-methylconiine, 
conhydrine and y-coniceine after separation on paper 
(Whatman no. 3MM). An ethanolic solution containing 
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Alkaloid 
Coniine 


Conhydrine 


N-Methylconiine 


y-Coniceine 
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Table 1. Colour reactions of hemlock alkaloids and related substances 





CS, +CuSO, 
Brown colour 


soluble in ether 
and amyl alcohol 


As for coniine 


Negative 
As for coniine 


CS, + uranyl 
nitrate 


Orange-red colour 
soluble in toluene 


Orange-red colour 


insoluble in toluene 


Negative 


Orange colour 


insoluble in toluene 


Methylpiperidein As for coniine Orange colour 


insoluble in toluene 


Orange colour 
slightly soluble 
in toluene 


Piperidine As for coniine 


500 pg./ml. of each of the alkaloids was prepared and 0-1 ml. 
applied as a spot to the paper by means of an Agla (Burroughs 
Wellcome and Co.) micrometer syringe. The chromatogram 
was run for 18 hr. and the separated spots were detected with 
the iodine reagent and marked with pencil. After the brown 
colour had faded each spot was cut out, cut into small pieces 
into a test tube and eluted with five successive portions of 
2 ml. of boiling ethanol, which were combined in a centri- 
fuge tube of 15 ml. capacity. The centrifuge tube was placed 
in a water bath, a small porcelain chip added, and the 
ethanol carefully evaporated off. The ethanol-free residue 
was dissolved in 3 ml. of water, and 1 ml. of phosphate 
buffer (0-1m-KH,PO,, adjusted to pH 7-0 with 0-1m-KOH) 
and 3 ml. of a saturated solution of bromothymol blue in 
water, were added. 

The tubes were stoppered and gently shaken for 5 min. 
Benzene (5 ml.) was added and the tubes were well shaken for 
1 min. The emulsion was broken by centrifuging, if neces- 
sary, and the clear benzene layer pipetted off and dried with 
anhydrous Na,SO,. The colour intensity was read with the 
Ilford spectrum violet filter and 0-5 cm. cells. A water 
extract of filter paper cut out from a region adjoining the 
spots, and treated as above, served as a blank. The intensity 
of colour given by the eluates of the spots, when referred to 
calibration curves of each of the alkaloids (10-100 yg.), 
showed that recovery from the paper at a concentration of 
50 pg. was 95%. After chromatography on paper a range of 
concentrations (10-100 yg.) of each of the alkaloids showed 
a variation in recovery of 93-102%. It was found that the 
calibration curves for each alkaloid were linear and almost 
identical (HZ =0-62 for 100 ug.). The above method was used 
for the determination of the alkaloids in the fruits and other 
tissues of C. maculatum. The dried and powdered plant 
material (0-5-1 g.) was steam-distilled and the distillate 
evaporated as described for the estimation of y-coniceine. 
The residue was dissolved in ethanol (5 ml.) and transferred 
to a 10 ml. graduated stoppered cylinder. The basin was 
washed with successive small portions (1 ml.) of ethanol and 
the washings were added to the cylinder to make a final 
volume of 10 ml. A total of 0-2 ml. of the solution was 
applied to the paper as a spot with the aid of an Agla 
syringe. The procedure adopted for tissue extracts in which 
the concentration of any particular alkaloid was very low 
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Colour test 
‘ 
Sodium 
Sodium nitroprusside Bromothymol 
nitroprusside +acetaldehyde blue 
Negative Slow violet Yellow, soluble 
in benzene 
Negative Slow purple As for coniine 
Negative Negative As for coniine 
Red Slow violet As for coniine 
Red Slow violet As for coniine 
Negative Violet As for coniine 





Fig. 1. Chromatograms of the hemlock alkaloids and re- 
lated compounds. (1) Coniine (Rp 0-74); (2) N-methyl- 
coniine (Ry 0-64) ; (3) conhydrine (Rp 0-50) ; (4) y-coniceine 
(R, 0-36) ; (5) mixture of (1), (2), (3) and (4); (6) piperidine 
(Rp 0-34); (7) 2-methylpiperidein (Rp 0-20); (8) pipe- 
colinic acid (Rp 0-29). Whatman no. 3MM paper. Solvent 
system: tert.-pentanol-—fert.-butanol-n-HCl (9:3:2, by 
vol.). 


was as follows. The residue of mixed alkaloid hydrochlorides 
was dissolved in ethanol and transferred quantitatively to a 
15 ml. conical centrifuge tube. The ethanol was carefully 
evaporated off and exactly 1 ml. of ethanol added to dissolve 
the residue. Of this solution 0-2 ml. was applied to the 
paper. Separation and estimation of the alkaloids were 
carried out as described above. 





~ 
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As an alternative to the bromothymol blue method, 
estimation of the secondary bases coniine, conhydrine, and 
y-coniceine can be carried out by application of the thio- 
carbamate reaction of Melzer (1898). To 3 ml. of the solution 
(neutral) containing 10-100yg. of alkaloid, 0-5 ml. of 
copper acetate soln. (1%, w/v) and 0-1 ml. of NH, soln. 
(10%, v/v) were added, followed by 5 ml. of a 5% (v/v) 
solution of CS, in n-pentanol. The tubes were stoppered, 
shaken for 1 min. and allowed to stand until the pentanol 
layer separated out. The pentanol was pipetted off, dried 
with anhydrous Na,SO,, and the intensity of the brown 
colour measured in the Spekker absorptiometer with the 
Ilford spectrum violet filter and 0-5 cm. cells. A blank was 
run as described for the bromothymol blue method. The 
calibration curve is linear (HZ =0-58 for 80 ug. of coniine). 


RESULTS 


Chromatography. By use of the solvent system 
tert.-pentanol—tert.-butanol-N-HCl (9:3:2, by vol.) 
with Whatman no. 3MM paper, separation of four 
of the five alkaloids of C. maculatum can be 
achieved. The R, values of the pure synthetic 
alkaloids and some related compounds are shown in 





Fig. 2. Chromatograms of steam distillates of tissues of C. 
maculatum in various phases of vegetative growth (first 
year). (1) Mixture as Fig. 1 (5); (2) young seedlings 
(cotyledon stage) ; (3) seedlings; (4) roots of young plants; 
(5) leaves of young plants; (6) sap exuded from root of 
decapitated plants; (7) leaves of mature plant; (8) 
fibrous roots of mature plant. Sap exuding from the stumps 
of decapitated plants was collected, made slightly acid 
with HCl (1%, v/v), evaporated slowly to dryness at 50°, 
the residue dissolved in ethanol (0-5 ml.) and the solution 
applied directly to the paper. 
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Fig. 1. In Figs. 2 and 3 the results of the chromato- 
graphic separation of the natural alkaloids present 
in the tissues in various stages of growth and re- 
production of the plant are given. It will be ob- 
served that the relative amounts of alkaloids present 
(as judged by the area of the spots) vary with the 
stage of development and reproduction of the plant. 
An unknown steam-volatile base (R, 0-33) which 
gave a positive ninhydrin reaction was present in 
small amount in leaves and flowers, and traces were 
found in the root tissues of young plants. It was 
thought that this base might be piperidine (RP; 0-34), 
but tests on eluates from the spots were negative 
for this compound. However, the frequent appear- 
ance of the spot on chromatograms suggested that 
it may represent pseudoconhydrine, the fifth 
alkaloid of the group. Examination of root tissues 
of young plants revealed a very low alkaloid content 
consisting largely of y-coniceine. Sap exuding from 
the stumps of decapitated plants appeared to be 
virtually devoid of alkaloids, but a compound 
having an R, value of 0-21 and giving a red colour 
with the nitroprusside reagent was present in 
very small amount. The presence of amino acids 
in the exuding sap was established by spraying 
chromatograms of the sap with the ninhydrin 
reagent. 





Fig. 3. Chromatograms of steam distillates of tissues of 
C. maculatum in second year of growth. (1) Mixture as 
Fig. 1 (5); (2) flowers (bud stage); (3) flowers; (4) young 
developing fruits; (5) mature green fruits; (6) young 
leaves developed from crown; (7) leaves of mature plant; 
(8) petioles of leaves of mature plant 
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Micro-estimation of the alkaloids. The accuracy of alkaloids run on the chromatograms was adjusted 
the methods developed for the micro-estimation of _ to fall within the range of the calibration curves, 
the alkaloids was tested by adding known amounts _ either by varying the concentration or the volume of 
of each alkaloid in admixture to tissues and deter- _ the solution applied to the paper. In the estimation 
mining the percentage recovery at different con- of y-coniceine the dilution of the steam distillate 
centrations (Tables 2 and 3). The concentration of was varied where necessary. For tissues containing 


Table 2. Recovery (yg.) of added y-coniceine from tissue (mature green fruits) 
of Conium maculatum after distillation 


Nitroprusside method. Percentage recovery values of duplicate analyses are given in parentheses. 


y-Coniceine (yg.) added to 
0-2 g. of tissue 


-Coniceine recovered (yg.) (a) 26 118) ; 210 408 = 580 794 “ 875 - 
ro a 24 =: 112} (9) 313} (94) 398 } (95) 304} 6) 790} aa 383 | om 


0 100 200 400 600 800 900 


Table 3. Recovery (yg.) of added conhydrine, coniine and N-methylconiine (in admiature) from tissue 
(leaves of young plants) of Conium maculatuin after distillation and chromatographic separation 


Bromothymol blue method. Percentage recovery values of duplicate analyses are given in parentheses. 
Alkaloid (yg.) added to 0-2g. of tissue 0 100 200 300 400 500 
Alkaloid recovered (yg.) 

Conhydrine (a) 46 118 ) 211) ‘i 306 } 398 484 : 
(b) 50 130 (84) 2255 (88) gy f (89) i08 | (90) pos (88) 

Coniine (a) Trace 92 185 275 ) a 380 ST) joxn 
(b) Trace 94) (93) 192 (94) 599 f (94°5) 375} (94) agsy (955) 

N-Methyleoniine (a) — 94 - 194) joc 275) jas 372 ‘ 466 ) as 
(b) a 101 (975) igo f (99) = agg yz (93) zl (93) ago f (946) 


Table 4. Variation in alkaloid content of tissues of Conium maculatum during phases 
of growth and reproduction (cf. Figs. 2 and 3) 


For the estimation of y-coniceine duplicate samples of tissue were steam-distilled and samples were taken in duplicate 
from each distillate; for the estimation of conhydrine, coniine and N-methylconiine duplicate samples of tissue were 
steam-distilled and chromatograms from each distillate run in duplicate. The figures therefore represent the mean of four 


values. Mean deviations are given in parentheses. , 
Alkaloid content (mg./100 mg. dry wt.) 


t 


ant N- Total 
y-Coniceine Conhydrine Methylconiine Coniine alkaloid 
(1) Plants in first year of growth 
Seedlings 0-15 0-02 = — 0-17 
(0-007) (0-002) 
Leaves of young plants 0-29 0-03 — Trace 0-32 
(0-008) (0-002) 
Roots of young plants <0-01 — — Trace <0-01 
Leaves developed from crowns of 0-42 = = 0-21 0-63 
resting plants (October) (0-01) (0-03) 
Fibrous roots of resting plants grown 0-08 --- 0-04 0-03 0-15 
in sand culture (October) (0-003) (0-002) (0-003) 
Fleshy roots of resting plants (October) 0-08 i ss 0-04 0-12 
(0-003) (0-002) 
(2) Plants in second year of growth 
Leaves 0-86 0-02 — 0-06 0-94 
(0-02) (0-002) (0-003) 
Flowers 0-75 — 0-09 0-20 1-04 
(0-015) (0-004) (0-03) 
Young developing fruits 0-36 - 0-25 0-42 1-03 
(0-007) (0-02) (0-03) 
Mature green fruits 0-01 — 0-85 0-21 1-07 


(0-0015) (0-025) (0-025) 
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low concentrations of alkaloid the weight of dry 
tissue taken for extraction was increased. Recovery 
of added alkaloids was generally good, and with the 
exception of conhydrine (recovery 84-90%) the 
percentage recoveries varied between 90 and 97 %. 


Distribution of alkaloids in tissues 


For the determination of conhydrine, coniine and 
N-methyleoniine, the bromothymol blue method 
was used after separation of the alkaloids by 
chromatography. The incomplete separation of y- 
coniceine from the unknown secondary base (R, 
0-33) precluded the use of the chromatographic 
method for the estimation of this alkaloid. The more 
specific nitroprusside method was therefore used 
for the determination of y-coniceine. The variations 
in alkaloid content of tissues of the plant in various 
stages of growth and reproduction are shown in 
Table 4. Chromatographic examination of very 
young seedlings in the cotyledon stage showed the 
presence of y-coniceine, coniine and N-methyl- 
coniine. In older seedlings, coniine and N-methyl- 
coniine were absent, and y-coniceine (accompanied 
by small amounts of conhydrine) was the pre- 
dominant alkaloid. In leaves of young plants in 
active growth y-coniceine was the major alkaloid, 
but as the plants reached maturity towards the 
end of the first year of growth the content of 
coniine increased. The alkaloid content of root 
tissues of actively growing plants was very low, and 
no accumulation of alkaloids was observed in the 
roots of plants from which the stems and leaves had 
been removed. Roots of plants in the resting stage 
contained a much higher proportion of y-coniceine 
and coniine than roots of young plants in active 
growth. Fibrous roots of plants in the resting stage 
which were grown in sand contained N-methyl- 
coniine in addition to coniine and y-coniceine. With 
renewed vegetative growth in the spring the 
developing leaves contained much _ y-coniceine, 
small amounts of coniine, and no N-methylconiine. 
Conhydrine and the unidentified base (RP, 0-33) were 
present in small amount. The onset of the repro- 
ductive phase was marked by a complete change in 
the distribution of the alkaloids. In flowers and 
developing fruits the content of coniine increased 
rapidly, and that of y-coniceine showed a progressive 
decrease. When the fruits reached maturity N- 
methylconiine was the predominant alkaloid. 


DISCUSSION 


Nitroprusside test. This test for coniine, as 


described by Gabutti (1906), was found to be 
negative when applied to solutions of pure synthetic 
coniine hydrochloride. On the other hand, solutions 
of y-coniceine hydrochloride and other unsaturated 
piperideines gave a strong red colour with the nitro- 
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prusside reagent, and it is concluded that the forma- 
tion of the red colour depends on the presence of a 
double bond in the molecule. It is evident that the 
samples of coniine used by Gabutti (1906) for the 
test contained traces of y-coniceine. 

Micro-estimation of the alkaloids. The accuracy of 
the methods described depends largely on complete 
distillation of the steam-volatile alkaloids and on 
good separation of the alkaloids on paper. Over- 
loading of the chromatograms results in poor 
separation of coniine from N-methyleoniine and of 
conhydrine from y-coniceine. Leaf tissues contain 
much y-coniceine and little conhydrine, and care is 
required in determining the exact area of the con- 
hydrine spot on chromatograms of these tissues. 
Thus the lower recoveries of conhydrine recorded in 
this work may have been due either to loss on the 
chromatogram or to incomplete distillation, especi- 
ally as the volatility of conhydrine is lower than 
that of the other alkaloids. 

Distribution of the alkaloids. The results recorded 
show that the principal alkaloid of leaves and young 
tissues is y-coniceine. The presence of conhydrine in 
association with y-coniceine in seedlings suggests 
that these alkaloids may be the first to be formed 
in the plant. The occurrence of coniine and N- 
methyleoniine in very young seedlings could be 
attributed to translocation from the seed, which 
contains both alkaloids in small amount. The con- 
centration of conhydrine never reaches a high level 
in the tissues, and it is possible that this alkaloid is 
the immediate precursor of y-coniceine, into which 
it can be converted by dehydration (Léffler & 
Tschunke, 1909). Alternatively, y-coniceine (or a 
related piperideine) formed by cyclization of an 
amino-aldehyde or aldimine in the manner sug- 
gested by Mann & Smithies (1955) may be the 
precursor of the other alkaloids. The observations 
that root tissues of young plants contain relatively 
low amounts of alkaloid, and that alkaloids are 
virtually absent from sap exuding from roots of 
decapitated plants, provide an interesting com- 
parison with results obtained from similar experi- 
ments on Atropa belladonna (Cromwell, 1943), 
Datura stramonium (James, 1949) and Nicotiana 
tabacum (Dawson, 1941). The root tissues of these 
solanaceous plants are rich in alkaloids, and sap 
exuding from the roots of decapitated plants con- 
tains substantial amounts of alkaloid. These facts, in 
conjunction with the results of grafting experiments, 
have favoured the view that the root is the principal 
site of synthesis of alkaloid in members of the 
Solanaceae (Mothes, 1955). It would be unwise to 
draw conclusions from the present work regarding 
the site of synthesis of the hemlock alkaloids, as 
little information has yet been gained on the move- 
ment of the alkaloids in the plant. It might be 
expected that if alkaloids are synthesized in the root 
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and move upwards to the shoot system some 
accumulation might take place in the roots of 
decapitated plants, provided that precursors were 
present in sufficient amount. However, no accumu- 
lation was observed in the roots of decapitated 
plants, at least during the period of one week after 
decapitation. The higher concentration of alkaloids 
in the roots of plants in the resting stage could be 
attributed either to a downward movement from 
the shoot system at the end of the growing season or, 
if synthesis takes place to any extent in the roots, to 
a restriction in upward movement to the leaves. The 
possibility that the root is an active site of synthesis 
cannot be ruled out, for small amounts of y- 
coniceine and coniine are present in the roots of 
young plants, and traces of an unknown compound 
(R, 0-21) which gave a red colour with nitroprusside 
were detected in bleeding sap. If upward transport 
of alkaloid from roots to shoot were vigorous the 
concentration of alkaloids in the root system may 
remain very low even if active synthesis is taking 
place in the root. Nevertheless, the conclusion is 
reached that in C. maculatum alkaloid synthesis 
appears to take place more readily in the tissues of 
the shoot than in the root. 


SUMMARY 


1. The alkaloids of Conium maculatum have been 
separated by the method of paper chromatography. 

2. Methods for the micro-estimation of the 
individual alkaloids have been described. 

3. These methods have been used for a study of 
the distribution of the alkaloids in the tissues of the 
plant during the phases of growth and reproduction. 

4. The major alkaloid of C. maculatum in the 
vegetative state is y-coniceine. In flowers and 
immature fruits the content of coniine and N- 
methyleoniine progressively increases and the con- 
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tent of y-coniceine decreases during development. 
In mature fruits the major alkaloid is N-methy]- 
coniine. 

5. The significance of these results is discussed in 
relation to the synthesis of the alkaloids in the plant. 


The author wishes to thank Mr G. Young for technical 
assistance in this work. 
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Investigations on Rat Serum Albumin Marked with 
Tritium-Labelled Leucine 


By J. DONE anp P. R. PAYNE 
Human Nutrition Research Unit, Medical Research Council Laboratories, 
Holly Hill, Hampstead, London, N.W. 3 


(Received 27 February 1956) 


Limitations that have been found in the use of 
isotopes for the investigation of protein metabolism 
include the low sensitivity of the techniques of 
measurement of stable isotopes and, with radio- 
active isotopes, the difficulty and expense of pre- 
paring labelled protein of sufficiently high specific 


activity. 


Although *H-containing hydrogen of high specific 
activity has been available for some time, at com- 
paratively low cost, its use as a label has not been 
extensive, owing to the lack of a convenient method 
of assay. However, routine assay is now possible by 
the combustion-bomb method of production of gas 
for counting (Payne & Done, 1954), followed by 
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proportional counting (White, Campbell & Payne, 
1950). This combination of techniques gives a 
method which is at least as sensitive, accurate and 
convenient as those usually employed for the assay 
of other isotopes in biological materials. 

Tritium was introduced into leucine, since blood 
albumin contains a considerable proportion of this 
amino acid and a convenient method of synthesis is 
available. The specific activity of serum albumin 
obtained from rats to which this labelled amino acid 
had been fed was high enough to permit accurate 
assays to be made on small samples after high 
dilutions. 

Serial measurements were made on samples from 
an individual rat taken at times of up to 400 hr. 
after injection of only 0-11 yc of labelled albumin. It 
was also possible to assay similar samples from a 
malnourished rat on a low protein diet. Studies 
have been made of the effects of some of the condi- 
tions of paper electrophoresis on rat serum albumin 
and also of the specific activities of leucine released 
from the albumin during acid hydrolysis. 

The determination of body water of rats with the 
aid of tritium is described. 


EXPERIMENTAL 


Tritium assay 


Samples were burnt in oxygen under pressure in a metal 
bomb (Payne & Done, 1954); the gas mixture for counting 
was generated in the bomb by the action of aluminium 
carbide on the water produced by the combustion. For 
counting, the gas was pumped into a type GA 26 tube (20th 
Century Electronic Ltd., London) to a pressure of 20 em. Hg. 
The tube was operatcd in the proportional region as 
described by White et al. (1950). Two 1300v corona stabil- 
izers (Nucleonic and Radiological Developments, Ltd., 
London) were used in series to supply an anode voltage of 
2600Vv. 

Preparation of gas for counting. Two modifications have 
been made of the combustion-bomb technique (Payne & 
Done, 1954): (i) immediately before introduction of the 
oxygen, the lower part of the bomb is cooled, first by tap 
water, then by immersion in solid CO,—propanol to a depth 
of 2 in.; this counteracts a tendency of the water formed 
during combustion to get into the valve when the oxygen is 
released ; (ii) it has been found necessary to change the time 
of heating the bomb to suit each batch of carbide: heating 
times of 30, 40 and 60 min. have been used. Insufficient 
heating gives rise to spurious counts, owing, apparently, to 
unchanged water vapour in the counting gas. 

Selection of suitable aluminium carbide. 
aluminium carbide which contain large amounts of free or 
combined water cannot be used for the generation of the gas 
for counting. A loss of sensitivity will result from dilution of 
the active water of the samples to be assayed. Samples of 
Al,C, from three sources have been tested and one of these 
(Baird Chemical Corporation, New York) proved to be 
suitable. This material was supplied as fused lumps con- 
taining a high proportion of yellow crystals. It was crushed, 
ground to a fine powder (approx. 180 mesh), and stored in 


Samples of 
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air-tight jars. When heated to redness in a tube, no visible 
water vapour was produced, there was no odour, and no 
loss of weight occurred. The other two samples were pale 
brown to green powders; on gentle heating these samples 
yielded a large amount of water vapour and gas with a 
strong odour. The loss of weight was 30%. 

A portion (3-0 g.) of one of the latter samples was reacted 
with 0-3 ml. of standard active water in a combustion bomb. 
The count rate with this filling was 4-8 counts/sec. When re- 
placed by a filling generated from the same standard active 
water and 3-0 g. of the first carbide sample, the count rate 
recorded was 33-7 counts/sec. Subsequently, a series of 15 
assays of dilutions of standard active water, with this 
carbide, gave count rates which were reproducible to within 
1% (Payne & Done, 1954). 

Preparation of samples for combustion. Water volumes of 
250-300 wl. are convenient for the preparation of gas for 
counting. 

Procedure A. For samples of the order of 10-°yc/mg., 
a known amount of filter paper of known isotope dilution 
was used as a carrier. Pieces of Whatman no. 3MM paper, 
approx. 8 cm. x3 cm., were dried to constant weight in a 
stream of hot air from an industrial blower (Type AM, 
Bylock Electric Ltd., Enfield, Middlesex) and the dry 
weights recorded. The papers were folded, wrapped round 
the filament of the combustion bomb, and secured with a 
loop of tungsten wire. Solutions of active materials were 
pipetted on the papers, which were again dried with hot air 
before combustion. Papers mounted on a filament as 
described, and having 150yl. of water pipetted on them, 
were dried to constant weight in 3 min. The dimedone 
derivative of isovaleraldehyde was found to be slightly 
volatile, and a loss of activity of 15% was observed after 
drying with hot air. A cool air stream was accordingly used, 
and a correction made for the moisture retained by the 
paper. 

Procedure B. Samples of specific activity of the order of 
10-7 uc/mg. were enclosed in cigarette paper in powder 
form (Payne & Done, 1954). 

Calculation of specific activities. Active water formed by 
combustion of the sample is diluted by water from the paper. 
Also, the counter filling is only a fraction of the total gas 
produced. Thus, if m is mass of active substance; M is mass 
of diluting material; f,,, is water equivalent of m; fy, is water 
equivalent of M; W is water equivalent of gas in counter 
tube; x is count rate; A is total counts in sample, and S is 
specific activity of sample, then the fraction of the sample in 
the counter tube is given by W/(mf,,, +Mfy) and 


oon W : 


(1) 
In procedure A, mf,,<Mfy and equation (1) becomes 
A=(x/W) Mfy,i.e.S=xMfy/mW. For aseries of samples 
of constant organic composition, «M/m is proportional to 
specific activity, since f;,and W are constant. In procedure 
B, mf,, is of the same order of magnitudeas Mf,,. The values 
of both f,, and fy, are required. The value of f,, for the 
cigarette paper used to hold the larger samples in position on 
the heater filament was determined by combustion of known 
weights of papers after the addition of standard active 
water to the bomb (Payne & Done, 1954). The value f,, may 
be determined by performing two combustions with 
different weights of sample and paper. Thus if m, and m, are 
the weights of the two samples, M, and M, are the weights of 
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the two papers, and x, and x, are the count rates recorded, 
from (1) we have 

WS =2,(my fy, +My fy)/m =X2(Me fm + Me fu)/mMe 


My, yy, 
(i) nf 
Ms my, 


X, —Xq 








i.e, Sos fu 


Synthesis of pu-[>Hjleucine 


pL-[?H]Leucine was prepared by adaptation of the 
method of Albertson & Archer (1945). Whereas in the 
original method ethyl 2-acetamido-2-ethoxycarbonyl-4- 
methyl-4-pentenoate (I) in ethanol was hydrogenated at 
40 lb./in.2 pressure with Raney nickel catalyst, the hydro- 
genation with *H was carried out at atmospheric pressure 
with Adams catalyst in order to minimize excess hydrogen. 
Chloroform was used as solvent in view of the exchangeable 
OH-H of ethanol. A 50 ml. flask containing (I) (2 g.), 
Adams catalyst (100 mg.) and chloroform (5 ml.) was 
immersed in solid CO,—-propanol, and connected to a vacuum 
line, Tépler pump and reservoir containing active gas. 

The flask and connecting tubing were alternately 
evacuated and flushed with hydrogen several times. The 
solid CO,-propanol was removed. When the apparatus 
reached room temperature, the contents of the flask were 
stirred magnetically and active gas from the reservoir was 
introduced. The pressure was kept at about 1 atm. In 3 hr. 
the catalyst flocculated and gas absorption had apparently 
ceased. Stirring was continued for 0-5 hr. and then the 
apparatus was flushed with hydrogen. The product was 
transferred to another 50 ml. flask through a filter stick, and 
the Pt washed with a few drops of chloroform. Chloroform 
was removed by evaporation at reduced pressure, and then 
hydrolysis and isolation of leucine were brought about by 
the procedures of Albertson & Archer (1945), the product 
being washed with chilled water. Leucine (0-78 g.) was 
obtained [yield 83 %, based on (I)]. The specific activity was 
3-35+0-046 wc/mg. (determined by procedure A above). 
The activity was quantitatively recovered after addition of 
inactive pL-leucine followed by recrystallization, oxidation 
with ninhydrin or paper chromatography in butanol-acetic 
acid (Partridge, 1948). An earlier batch of (I) converted 
into pL-leucine by the above procedure but by the use of 
inactive hydrogen gave 0-74 g. of leucine (yield 80%), N 
(micro-Kjeldahl) 10-7%. C,H,,0.N requires 10-6 %. 


Labelled isovaleraldehyde from pu-[?H Jleucine 

The procedure of Virtanen, Laine & Toivonen (1940) was 
modified so that a Markham still (Markham, 1942) could be 
used. Steam was passed through the outer jacket of the still, 
and 155 mg. of ninhydrin was introduced into the inner 
chamber with the minimum of hot water. A portion (20 mg.) 
of the recrystallized mixture of pi-[*H ]leucine and inactive 
pL-leucine (see Table 3) was dissolved in 20 ml. of hot water, 
together with 2 g. of KH,PO, and 3g. of NaCl, and the 
cooled solution introduced into the inner section. After afew 
bubbles of steam had been passed through the reaction 
mixture for stirring, the jacket was left open for 0-5 hr. 
Steam distillation for 0-5 hr. then followed. The receiving 
flask was immersed in solid CO,—propanol mixture through- 
out the experiment. The distillate was warmed to room 
75 ml. of dimedone solution 


temperature and treated with 
(Virtanen et al. 1940) containing 1 drop of piperidine. The 
mixture was left overnight and filtered. The product was 
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recrystallized from aqueous ethanol [yield 53-5 mg., m.p. 
156° (uncorr.), unchanged when mixed with an authentic 
sample]. 

Animal experiments 


Male albino rats (Wistar strain) were used. The animals, 
fed on a stock diet (cube diet supplied by Oxo Ltd., London) 
were given, once a week, about 10 g./100 g. body wt., a 
mixture of fresh liver (1 part) and skimmed milk powder 
(1-5 parts). 

‘Donor’ animal. Rat T16 (wt. 329g.) was fasted for 
24 hr. and then fed with 4 g. of chopped fresh liver, mixed 
with 117 mg. (326-4 uc) of the labelled leucine. 

The animal was placed in a box through which a current of 
air was drawn by means of a water pump. Air from the 
box was passed through a U-tube immersed in a solid CO,- 
propanol trap. Samples of water collected in the trap were 
removed at intervals. A sample of the expired water, 
collected after 2 hr., had a specific activity of 1-4 x 10-2 wc/ 
ml. Water trapped from the sixth to the twenty-second hr. 
had an activity of 0-65 x 10-*c/ml. During this period 
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water was given ad lib., and one feed consisting of 12 g. of 


the stock diet was given at the fifth hr. 

After the twenty-fourth hr. the animal was anaesthetized 
with 15 mg. of Nembutal given by intraperitoneal injection, 
the abdomen opened and the abdominal artery cannulated. 
A sample (7-8 ml.) of blood was collected and the animal 
then perfused with saline via the right femoral vein, the 
perfusate also being collected. The blood was allowed to clot 
and the serum removed and stored frozen. 

Experiments with labelled albumin in a rat on stock diet. The 
animal (rat T 23, wt. 365 g.) was given 15 mg. of Nembutal 
by intraperitoneal injection. The right femoral vein was 
exposed and 1-15 ml. of a solution of albumin containing 
0-11 uc injected. The wound was then closed and stitched. 
Blood samples (about 0-4 ml.) were taken from the tail, at 
intervals up to 430 hr., and the specific activities of the 
albumin determined. 

Experiments with labelled albumin in a rat on cassava-flour 
diet. The diet consisted of cassava flour with 1% (w/w) of 
NaCl, cooked each day with about 2-5 times its weight of 
water, fed ad lib. Vitamin D (4 i.u.) in 0-2 ml. of arachis oil 
was given once a week. The cassava flour used contained 
0-28% of N (micro-Kjeldahl). Bigwood & Adriaens (1954) 
have evaluated the amino acid composition of cassava meal 
and found it to have a low proportion of essential amino 
acids. The history of this animal (rat T19) is as follows, 
figures in parentheses being body weights in g.: weaned on 
to stock diet (37); 102nd day, transferred to cassava diet 
(298); 170th day (203); 190th day (194); 202nd day (187), 
intravenous injection of active albumin (0-06 wc in 1-3 ml.; 
120 hr. later serum albumin concentration was 2-10 g./ 
100 ml.) ; 207th day, returned to stock diet (190); 225th day 
(285) ; 258th day (282). The animal was one of four male litter 
mates, all of which showed similar changes of body weight 
when fed on the cassava diet. 


Body water determinations 


Preparation of water samples from rat blood containing 
3H,O. Blood samples (about 0-5 ml.) required for determi- 
nations of body water were collected in polythene containers 
(5 mm. x 35 mm.) from a small cut at the end of the tail. The 
clot was separated from the side of the tube and the tube 
with the sample was inserted, open end first, into the bulb of 
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Table 1. Activity of water from blood after 
intraperitoneal injection of active water 


Time Specific activity 

(min.) (counts/sec./ml.) 
15 378 
60 448 
90 448 
180 445 


a Thunberg tube. The tube was connected to the bulb, and 
the apparatus evacuated slightly to move most of the blood 
from the polythene container into the bulb. The bulb and 
the end of the tube section were then cooled in solid CO,— 
propanol and the apparatus was pumped to a pressure of 
about 10-? mm. Hg. The end of the tube was kept in solid 
CO,-propanol until most of the water from the blood had 
collected there (about 2 hr.). 

Equilibration of injected *7H,O. A solution of standard 
3H,O (0-986 ml. containing 1-9 4c) was injected intraperi- 
toneally into a rat (248 g.) fed on stock diet. Blood samples 
(0-5 ml.) were taken at intervals from the tail and distilled 
in vacuo as described above. The water obtained was 
assayed for tritium. Table 1 shows the specific activity of 
samples taken at various times after injection. The figures 
show that equilibration is complete after 1 hr., and, for the 
purposes of body water determination in experimental 
animals, samples have been taken at 1-5 hr. The total body 
water is calculated as the ratio activity injected: specific 
activity of 1-5 hr. sample; e.g. in the experiment described 
above, injected activity was 7-03 x 10+ counts/sec. Thus total 
body water was 7-03/448 x 10* g., or 157 g. (63%). 


Paper electrophoresis 


Electrophoresis of samples was carried out in a horizontal 
paper electrophoresis cell (Shandon Scientific Co., London) 
maintained at a temperature of 2°. Veronal buffer (pH 8-6, 
001m) was employed, and a potential gradient of 4-6v/em. 
was maintained across the strips. 


Preparation of labelled albumin 


Labelled albumin was prepared as required by electro- 
phoresis of up to 8 x 841. amounts of blood serum from the 
donor animal on strips (8 em. wide) of Whatman no. 3MM 
paper. A small quantity of bromophenol blue in veronal 
buffer was added to the serum for location of the albumin 
fraction. After 16 hr. the strips were removed from the cell 
and laid on a sheet of thin polythene. Each blue-stained 
area of paper, and the polythene under it, were cut out, 
rolled and placed on special glass supports in centrifuge 
tubes. After centrifuging for 2 min. the protein solutions 
were removed and combined. 


Separation of serum albumin from Du-[?H Jleucine 
during paper electrophoresis 





Normal serum (50yl.) with 5-5yg. of px-[*H]leucine 


containing 208 counts/sec. was treated by the paper- 
electrophoresis procedure described for the isolation of 
albumin. The paper region containing the albumin gave 
0-13 count/see. above background. 
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Assay of labelled albumin in blood samples 


Blood samples of 0-4 ml. were collected from the tail. They 
were allowed to clot and the serum was separated. Albumin 
for assay of radioactivity was prepared by electrophoresis of 
84 yl. of serum on filter-paper strips as previously described, 
the albumin fraction migrating about 3cm. After electro- 
phoresis the strips were dried at 100° for 30 min. and placed 
for 10 min. in a saturated solution of naphthalene black in 
solution I described below. The strips were then washed for 
10 min. in solution I, then for 30 min. in solution II, and 
finally they were dried in air. 


Estimation of nitrogen in protein fractions obtained 
by paper electrophoresis 


Reagents. Nessler reagent: 200ml. of 2-5n NaOH 
(A.R., CO,-free) was added to 50 ml. of Nessler reagent 
(Umbreit, 1945) immediately before colour development. 
Solution I: methanol 9 vol., acetic acid 1 vol. Solution II: 
solution I, 2 vol., 0-03N-HCl 1 vol. 

Samples (6 yl.) were used in duplicate for electrophoresis 
on Whatman no. | paper, and 0-01 m veronal buffer, pH 8-6. 
The strips were dried on a horizontal rack at 100—105° for 
15 min. Buffer salts were removed by washing for 15 min. in 
solution I, followed by three 5 min. washes in solution IT. 
After a rinse in solution I, the papers were immersed for 
10 min. in a 0-02 % solution of bromophenol blue in solution 
J. After a final rinse in solution I, the papers were dried at 
room temperature. The paper was folded so that the 
albumin ‘spot’ could be cut out, together with an equivalent 
area of paper from in front of the albumin. The albumin spot 
and corresponding blanks were each placed in 50 ml. 
Kjeldahl flasks. A volume (0-5 ml.) of H,SO, (N-free) was 
added together with two drops of H,O, (100 vol.) and two 
glass beads. The flask was heated for 20 min. so that the acid 
refluxed gently, then cooled. Two drops of H,O, (100 vol.) 
were added when the temperature was such that a gentle 
reaction occurred. The flasks were then heated for 0-5 hr., 
with the acid boiling, then cooled. 

Nesslerization. Glass-distilled water (20 ml.) was added 
to each flask, followed by 15 ml. of freshly mixed Nessler 
reagent. Optical densities were read at A=490 mp. with a 
Coleman Junior Spectrophotometer. Calibration curves 
were plotted from readings of standard solutions of NH,Cl 
(A.R.) dried at 105°. 

Estimations of the N content of standard solutions of 
NH,Cl and of leucine by this method at different times were 
all within 5% of the theoretical amount. Volumes (6 yl.) of 
rat serum were pipetted on to 0-5 in.* pieces of Whatman 
no. 1 paper which were then dried and treated by the routine 
heating, staining and washing technique. The results 
corresponded to 6-80+0-19 g. of protein/100 ml. (protein = 
N x 6-25). When further portions of the serum were digested 
directly, the results corresponded to 7-25-+0-10 g. of protein 
100 ml. Thus in view of the presence of non-protein nitrogen, 
the results indicate that errors due to the method of treat- 
ment of the protein on paper were small. Portions of serum 
treated by the staining and washing procedure gave the 
same results as those which had not been stained. Thus no 
appreciable contamination with nitrogen occurred during 
the staining. The duplicate ‘paper blanks’ gave consistent 
readings, amounting to about 20-30% of the reading for the 


paper containing protein. 


Estimation of amino nitrogen 


Free NH, was removed from 17 yl. portions of the hydro- 
lysates (Fowden, 1951), and these were then treated with 
ninhydrin reagent (Cocking & Yemm, 1954; Yemm & 
Cocking, 1955). Optical densities were compared with those 
from standard solutions of leucine. 


Leucine estimation 


Leucine was separated from other amino acids in the 
hydrolysates by paper chromatography with ¢ert.-pentanol— 
water in the presence of diethylamine vapour (Work, 1949). 
Samples were selected by which leucine could be obtained 
‘ahead’ of all other ‘spots’ in 30 hr. at 32°. The procedures 
described by Fowden (1951) were followed for location of the 
areas of the paper containing the amino acid and removal of 
NH, from the paper before treatment with ninhydrin. 
Colour development was by the method of Cocking & Yemm 
(1954). 

Estimations of standard amounts of leucine showed 
losses of 20-30%. No marked improvement was obtained 
after purification of the solvent by steam distillation 
and washes with aqueous solutions of ferrous’ sulphate 
and ethylenediaminetetraacetic acid. A solution was pre- 
pared containing known amounts of labelled leucine 
and inactive leucine. Similar amounts of amino acid 
were found in the leucine ‘spots’ on estimation by either 
ninhydrin colour or radioactivity (Table 2), ie. the 
specific activity was constant. Thus corrections for 
losses of leucine with this solvent could be made after 
determination of the losses in leucine standards included 
on each chromatogram. 


RESULTS 
Stability of tritium in the pu-[FH jleucine 


The results given in Table 3 show that no appreci- 
able loss of activity occurred when the labelled 
leucine, together with inactive leucine, was re- 
crystallized from aqueous ethanol. No loss of 
activity could be detected after paper chromato- 
graphy with butanol—acetic acid—water (Partridge, 
1948). A decrease in activity could have been 
detected if an appreciable amount of the tritium 
had been present in impurities, or in the carbonyl or 
amino groups, where the hydrogen equilibrates with 
the hydrogen of water. The quantitative recovery of 
the activity in 7sovaleraldehyde confirms the other 
results. 


Table 2. Recovery of leucine after 
chromatography in tert.-pentanol—water 


Leucine found (g.) 





Leucine : A —_______ 

added Ninhydrin Tritium 
(ug-) estimation estimation 

19-7 16-5 16-7 
9-83 8-5 8-4 
4-92 3-7 3-9 
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Table 3. Recovery of activity after different 
treatments of Du-[*H Jleucine 


Recovery 
Treatment (%) 
20-45 mg. of pi-[*H]leucine + 501 mg. of 98-8 
inactive pL-leucine crystallized from water- 
ethanol 
7-05 mg. of pi-[*H]leucine + 459 mg. of 98-5 
inactive Dt-leucine crystallized from water— 
ethanol 
Above mixture recrystallized from water- 99-1 
ethanol 
Paper chromatography in butanol—acetic 99-1 
acid—water 
Oxidation by ninhydrin to isovaleraldehyde, 99-0 


isolated as the dimedone derivative 


Tritium-labelled serum albumin 


Paper electrophoresis. A volume (84 yl.) of a 
solution of active albumin was subjected to electro- 
phoresis and stained with naphthalene black. The 
bromophenol blue which had been added to the 
albumin solution migrated considerably further 
than the albumin. The strip was cut into sections, 
which were assayed for radioactivity. The results 
are shown in Fig. 1; 72 % of the total activity was 
found in the albumin. No detectable activity was 
found in the area containing the bromophenol 
blue dye. 

The experiment was repeated with the addition of 
an equal quantity (84,l.) of inactive normal rat 
serum ; 70 % of the total activity was in the albumin, 
and no separation of the bromophenol blue was 
noticed. 

The effect of distance migrated on the recovery of 
total activity in the albumin fraction is shown in 
Fig. 2. 

It may be seen that high recoveries of albumin 
were observed when the distance of migration was 
3-0 cm. or less. In view of the lower recoveries 
found when the distances of migration were greater, 
it was of interest to investigate further the stability 
of the tritium in the albumin. 

Hydrolysis. Albumin was isolated from six 84 pl. 
amounts of serum. One volume of 10% trichloro- 
acetic acid was added to the solution that had been 
centrifuged from the paper strips as described. The 
precipitate was collected by centrifuging and 
washed with three small amounts of ethanol—ether 
(1:2, v/v), and once with ether. The dry product was 
heated in a sealed tube with 4-61 g. of 6-8N-HCl for 
15 min. and then cooled. Weighed portions were 
heated for further periods. Hydrochloric acid was 
removed from the hydrolysates by drying in vacuo 
over KOH. Water (2ml.) was added to each 
sample. 
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Fig. 1. ‘Trailing’ in paper electrophoresis of 84 yl. of labelled albumin solution. (a) Activity distribution along the paper 
strip. (b) Contact print of paper strip dyed by naphthalene black. The blocked areas in (a) represent the percentage 
of the total activity per cm. of the regions marked (i), (iii), (iv) and (v) in (b). Area (ii), position of bromophenol 


blue after electrophoresis. 
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Fig. 2. Recovery of albumin activity after paper electro- 
phoresis for different distances. O, 84yl. of labelled 
albumin solution; A, 84 yl. of labelled albumin solution 
plus 84 yl. of inactive rat serum. 


The activity released during hydrolysis, and 
appearing in the position normally occupied by 
leucine after chromatography on paper by the 
method described, was measured. Total amino 
nitrogen, free leucine and leucine activity were 
estimated by the methods given. Fig. 3 shows the 


values obtained after the different periods of 


hydrolysis. A considerable amount of peptides 


would be present after the shorter periods of 
hydrolysis, and it was not established that the 
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Fig. 3. Hydrolysis of labelled albumin in 6-8n-HCl 
at 103°. A, Total amino nitrogen; O, free leucine; 
@, leucine activity. 


leucine was completely separated from such im- 
purities. However, the curves for the activity and 
the ninhydrin reaction of the leucine ‘spots’ and for 
the free amino nitrogen all have the same general 
form. This is consistent with the liberation of active 
leucine from the albumin by hydrolysis. The final 
activity of the leucine released by hydrolysis after 
allowance for the loss in chromatography corre- 
sponds to 80 % of the activity of the albumin. 
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Animal experiments 


Labelled albumin in a rat on stock diet (rat 1.23). The 
curve showing the time relationship of albumin 
specific activity (Fig. 4) has the same general form as 
the curves obtained for labelled serum proteins by 
other workers. Initially there is a more rapid 
decrease in activity followed by a later period of less 
rapid, approximately logarithmic, decrease. It has 
generally been assumed that in the initial period 
equilibration takes place between intra- and extra- 
vascular pools. However, since this period lasted 
4-5 days, the above assumption would imply a very 
low rate of movement of albumin in view of the 
small size of the animal. 

Labelled albumin in a rat on a cassava flour diet 
(rat T 19). The diet is one of a number of low protein 


Specific activity (counts/sec./mg. of albumin) 





001 
0 100 200 300 400 500 
Time (hr.) 
Fig. 4. Rat T23. Specific activity of serum albumin 


versus time. 
Table 4. Loss of albumin activity of rat T19, and 


ratios of albumin dilutions of rat T 23 to albumin 
dilutions of rat T 19 


For details see text. Figures in parentheses are the 
ratios calculated per g. dry weight. 


Specific activity 


of albumin Relative 
Time of rat T19 albumin 
(hr.) (counts/sec./mg.) dilution 


2-0 7-48 2-86 (1-06) 
17-5 4-23 2-96 (1-10) 
23-6 3-14 2-80 (1-03) 

120-0 1-18 2-86 (1-06) 
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diets being investigated in this Unit. Because of the 
small size and low serum albumin of the animals it 
was considered necessary to determine whether the 
techniques which have been described could be 
applied. The serum albumin fraction from these 
animals was particularly interesting, since it has 
been found, during electrophoresis on paper, to 
have an apparently greater mobility than the 
corresponding fraction from control animals on 
stock diet. 

For purposes of comparison, blood samples were 
taken from rat T 19, at the same times as those from 
rat T 23, until 120 hr., when the experiment had to 
be terminated owing to shortage of the cassava diet. 

A comparison of the observations on the two 
animals may be made in the following manner: 
thus if S} and S? are the specific activities of albumin 
in blood samples taken from the two animals at a 
time ¢, and A, and A, are the initial injected activi- 
ties, then 

D,_A,/A, 
D, Si/ S? 


may be regarded as the ratio of the effective dilu- 
tions in the two animals at the time ¢. In Table 4, 
column 2 shows the specific activity of the serum 
albumin from rat T19 at various times after the 
injection of activity. Column 3 shows the dilution 
ratios Dyy9/Dyo3- In column 4 the ratios are 
calculated per unit dry wt. of animal. Estimations 
of total body water were made on litter mates of 
the two experimental animals. The body water of 
the rat fed on stock diet (399 g.) was 59-1 %; that of 
the rat fed on cassava diet (175 g.) was 70-6 %. 

The constant ratio of the effective dilutions 
indicates that the dynamics of the change in 
albumin specific activity are similar in the two 
animals over the period from 2 to 120 hr. The figures 
in column 4 indicate that the effective dilutions per 
g. dry wt. for the two animals were approximately 
equal. 


DISCUSSION 


The difficulties associated with the assay of tritium 
arise from the very low energy of the f-particles 
emitted. In practice, these difficulties are usually 
overcome by the incorporation of the tritium from 
the sample into some suitable compound which can 
then be dispersed over the sensitive volume of the 
detector. Thus the requirements for the routine 
assay of tritium in labelled materials are the com- 
bination of a rapid and simple method for accom- 
plishing the first stage and a stable and trouble-free 
detection apparatus. 

The apparatus for estimation of tritium by pro- 
portional counting described by White e¢ al. (1950) 
has now been in use for seven years, and its per- 
formance shows that high-stability amplifiers and 
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corona stabilizers make proportional counters at 
least as stable and trouble-free as Geiger—Miiller 
counters. Individual counter tubes have been 
used for several years and counts of tritium 
standards are constant over long periods. 

The apparatus does not require a highly purified 
gas-filling, and in combination with the method of 
preparation of gas for counting described by Payne 
& Done (1954), completely fulfils the requirements 
listed above. 

The high sensitivity of the counting method has 
made possible the use of labelled albumin fractions 
obtained by electrophoresis on paper, which could 
be measured after a dilution of the order of 104. 
Studies have also been made of total body water, and 
of water equilibration and turnover rates in experi- 
mental animals with a high degree of accuracy, by 
the use of about 1-5 wc of active water/kg. of body 
wt. For example, the doses used for rats and human 
subjects were 0-4 and 100yc respectively. For 
determination of total body water only, even lower 
doses of the order of 0-2 uc/kg. of body wt. have 
been used. 

The method of synthesis of pt-leucine described 
by Albertson & Archer (1945) is very suitable for 
the preparation of pu-[*H]leucine, since tritium is 
attached in stable positions to carbon atoms distant 
from the amino and carboxyl groups, tritium may 
be introduced quantitatively by hydrogenation, 
and most of the preparative work does not involve 
the handling of radioactive materials. A useful 
synthesis of L-[*H]leucine would be the hydrogena- 
tion of a suitable derivative of B-methallylglycine 
(Goering, Cristol & Dittmer, 1948). 

The high propurtion of the albumin activity 
found in leucine released after hydrolysis is inter- 
esting since the active amino acid was fed in the 
pDuL-form. This may be due to the incorporation 
of a considerable amount of the activity of the 
D-enantiomorph. Ratner, Schoenheimer & Ritten- 
berg (1940) found that, when rats were given a diet 
containing deuterium-labelled p-leucine, a consider- 
able amount of the deuterium was found in leucine 
isolated from the animals’ proteins. There is good 
evidence that four major components occur in 
human albumin (Saifer & Corey, 1954). The 
possibility of a similar heterogeneity of rat albumin 
might also have to be taken into account in the 
interpretation of measurements of the rate of 
loss of albumin activity in vivo, particularly when 
results are expressed as ‘turnover rates’. An 
objective comparison of the results from the two 
experimental animals was made, on the basis of 
the relative albumin activity at different times. It 
was found that, throughout the experimental 
period, the rate of decrease of albumin activity for 
the animal on very low protein diet was strikingly 
close to that of the animal on stock diet. Thus, so far 
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as the albumin fraction is uniform in both animals, 
it could be considered that while on the cassava 
flour diet the protein metabolism of the animal 
must have been adjusted in many respects in 
response to the low protein content of the diet 
without loss of capacity to utilize the more adequate 
protein diet given later. 

The highest dilution of the active serum albumin 
after which accurate assays could be made was 
of the order of 10* times. The measurement of 
exceptionally small amounts of tritium-labelled 
material is theoretically possible, since the pure 
isotope could be introduced into the initial material. 
Leucine could be made with specific activity as high 
as 0-47c/mg.; of this, 10-* yg. could be accurately 
assayed. However, the amount of labelled leucine 
which could be incorporated into proteins by an 
animal is limited by the effects of the radiation of 
the isotope. Brues, Stroud & Rietz (1952) found a 
30-day median lethal dose of about 1 mc/g. of body 
wt. for mice. If a rat could tolerate 300 mc of 
labelled leucine, serum albumin obtained from it 
should then be measurable after dilution of the 
order of 10’, by using 2 mg. samples for assay, or 
10° by using 200 mg. samples. 


SUMMARY 


1. Details are given of the assay of tritium by the 
combustion-bomb technique of preparation of gas 
for the proportional counter. 

2. A convenient synthesis of pxL-[*H]leucine is 
described. 

3. Labelled rat albumin was prepared by feeding 
labelled leucine. The activity released by hydrolysis 
of the albumin was studied. 

4. The albumin activity of the animal on stock 
diet was assayed during 400 hr. after injection of 
labelled albumin. 

5. The rates of loss of labelled albumin from the 
blood were similar for an animal on a very low 
protein diet and for an animal on a stock diet. 

6. It is suggested that the activity of protein 
labelled with tritium and assayed as described 
could be measured after dilutions of about 10°. 


We wish to thank Professor B. S. Platt for his interest in 
this work, and Dr Brigid Balfour, who kindly provided the 


cassava-fed animals. 
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Fixation of Carbon Dioxide by Extracts of the Strict Autotroph 
Thiobacillus denitrificans 


By P. A. TRUDINGER* 
Department of Microbiology and A.R.C. Unit for Microbiology, University of Sheffield 


(Received 12 December 1955) 


Chemosynthetic bacteria have in common with 
photosynthetic organisms the ability to grow upon 
carbon dioxide as the sole source of carbon. In 
recent years much progress has been made towards 
the elucidation of the mechanism by which carbon 
dioxide is fixed during photosynthesis. Benson et al. 
(1950) and Fager, Rosenberg & Gaffron (1950) 
demonstrated that phosphoglyceric acid is the first 
stable fixation product; later, Calvin & Massini 
(1952) and Bassham et al. (1954) obtained evidence 
which suggested that ribulose 1:5-diphosphate is the 
carbon dioxide acceptor. Recently an enzyme has 
been found in extracts of Chlorella (Quayle, Fuller, 
Benson & Calvin, 1954) and spinach (Weissbach & 
Horecker, 1955) which carboxylates ribulose 1:5- 
diphosphate according to the equation: 


Ribulose 1:5-diphosphate +CO,> 


2:3-phosphoglycerate. (1) 


The formation of ribulose 1:5-diphosphate from 
ribulose 5-phosphate and adenosine triphosphate 
(equation 2) has been shown by Weissbach, 
Smyrniotis & MHorecker (1954a) and Hurwitz 
(1955): 


tibulose 5-phosphate + adenosine triphosphate > 
ribulose diphosphate + adenosine diphosphate. (2) 


Phosphoglycerate is reduced to triose phosphate, 
which is then converted into hexose diphosphate 
(HDP) by aldolase. Hexose monophosphate is 
formed by dephosphorylation of HDP. 

The pathway by which pentose phosphate is 
regenerated from hexose monophosphate and triose 
phosphate without loss of fixed carbon dioxide 

* Present address: Division of Plant Industry, C.S.I.R.0., 
Canberra, A.C.T. Australia. 


involves the enzymes transaldolase and trans- 
ketolase, which catalyse reactions (3)—(5) (Horecker 
& Smyrniotis, 1953, 1954, 1955; Horecker, Smyr- 
niotis & Klenow, 1953; Horecker, Gibbs, Klenow & 
Smyrniotis, 1954; Racker, de la Haba & Leder, 
1954; de la Haba, Leder & Racker, 1955). 


Fructose 6-phosphate + triose phosphate 


transketolase 
= = ribulose 5-phosphate 


+tetrose phosphate, (3) 


Fructose 6-phosphate + tetrose phosphate 


transaldolase 
== sedoheptulose 7-phosphate 





SS 


+ triose phosphate, 


(4) 
Sedoheptulose 7-phosphate + triose phosphate 


transketolase 
= ribulose 5-phosphate 


—= 


+ribose 5-phosphate, 


(5) 


Sum: 2(Fructose 6-phosphate) > 2(ribulose 


5-phosphate) + ribose 5-phosphate. (6) 


Pentose phosphate isomerase catalyses the inter- 
conversion of ribulose 5-phosphate and ribose 5- 
phosphate (Horecker, Smyrniotis & Seegmiller, 
1951; Axelrod & Jange, 1954). 

In this paper the formation of phosphoglycerate 
from pentose phosphates and some aspects of the 
metabolism of sugar phosphates by extracts of a 
strict chemosynthetic autotroph are reported. The 
organism studied, Thiobacillus denitrificans, grows 
on a simple bicarbonate—mineral medium utilizing 
the energy obtained from the oxidation of thio- 
sulphate or sulphur, and can be cultivated on a 
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large scale with relative ease (Baalsrud & Baalsrud, 
1952). A preliminary account of the carboxylation 
reaction has appeared elsewhere (Trudinger, 1955), 
and some experiments on the metabolism of phos- 
phate esters have also been briefly reported 
(Trudinger, 1956). 

Recently, Santer & Vishniac (1955) have also 
reported the synthesis of phosphoglycerate (PGA) 
from pentose phosphate by extracts of the chemo- 
autotroph, Thiobacillus thioparus. 


’ MATERIALS AND METHODS 


Organism and preparation of extracts 


Isolation and culture of the organism. The organism was 
isolated from local garden soil by inoculation into the 
elective medium for 7’. denitrificans of Baalsrud & Baalsrud 
(1954), and incubation at 28°. After four subcultures into 
fresh medium, only one bacterial type, a small, motile, 
Gram-negative rod, could be detected microscopically. This 
was plated on to the same medium, solidified with 1-5% 
agar, and single colonies were transferred into liquid 
medium. The organism was subsequently cultured and 
maintained in the medium described by Baalsrud & 
Baalsrud (1952) but containing twice the amount of FeSO, 
recommended by these authors. Stock cultures were kept as 
stabs in 1-5% agar medium. 

The organism grew aerobically in a bicarbonate—mineral 
medium containing thiosulphate, tetrathionate or sulphur, 
but developed anaerobically only after the addition of 
nitrate. Washed suspensions metabolized thiosulphate and 
sulphur (flowers of sulphur suspended in the reaction 
medium) with the consumption of O, and, anerobically, 
liberated N, from nitrate in the presence of thiosulphate or 
sulphur. In bicarbonate medium the reduction of nitrate in 
the presence of thiosulphate was accompanied by an uptake 
of CO, which could be followed manometrically. The 
organism therefore had the typical properties of 7’. deni- 
trificans (Baalsrud & Baalsrud, 1954). 

The bacteria were grown on a large scale in 51. conical 
flasks filled to within 2 in. of the top with medium. A portion 
(100 ml.) of a 4-day culture was used as inoculum. Visible 
gas formation began after about 24 hr. and growth was 
complete in 4-5 days at 28°. The cells were harvested on the 
Sharples centrifuge and washed twice with 1% (w/v) KCI. 
Up to 1 g. dry wt. of cells was obtained from each flask. 

Preparation and extraction of freeze-dried bacteria. A thick 
paste of bacteria in water was spread in a thin layer on the 
inner surface of a round-bottomed flask, frozen in an 
ethanol-solid CO, mixture and freeze-dried at approxi- 
mately 0-5 mm. pressure. The dry powder was stored at 2° 
in vacuo over anhydrous CaCl,. For extraction approxi- 
mately 1g. of the freeze-dried powder was suspended in 
10 ml. of 1% (w/v) KCl and left overnight at 2° under Ng. 
The mixture was then centrifuged at 17 000g for 30 min. 
at 0°. The supernatant so obtained was reddish brown and 
contained about 2 mg. of total N/ml. As far as the enzymes 
studied were concerned the dry powder remained stable for 
several months. 

Preparation of extracts with the Hughes press. The bacteria 
were mixed with an equal volume of acid-washed powdered 
glass and crushed in the Hughes press (Hughes, 1951) which 
had been cooled to — 60° with solid CO,. The mixture was 
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extracted with 4-5 vol. of 1% (w/v) KCl and centrifuged at 
17000 g for 30 min. at 0°. 

Fractionation of CO,-fixing enzyme. All manipulations 
were carried out at 0°. Solid (NH,).SO, to 30% saturation 
was added to the crude extract from the Hughes press. 
After standing for 10 min. the precipitate was removed by 
centrifuging and discarded. Ammonium sulphate to 90% 
saturation was added to the supernatant, the precipitate 
collected by centrifuging at 17000 g for 30 min., dissolved 
in a small volume of 1% (w/v) KCl and dialysed overnight 
against 1% (w/v) KCl with stirring. Next day the dialysed 
enzyme solution was centrifuged to remove a small amount 
of precipitated matter and fractionated further with 
(NH,),SO,. The fractions collected were usually those pre- 
cipitating at 30-40, 40-50, 50-60 and 60-70 % saturation of 
(NH,),SO,. These were dissolved in small volumes of 1% 
(w/v) KCl and dialysed overnight against the same solution. 


Special chemicals 


Glucose 6-phosphate (@ 6-P). The crystalline barium salt, 
98 % pure by Zwischenferment assay, was obtained from the 
Sigma Chemical Co. 

6-Phosphogluconate (6-PG). The barium salt was a gift 
from Dr M. G. Macfarlane. It gave a single phosphate spot 
on paper chromatograms. 

Fructose 6-phosphate (F 6-P). This was prepared by 
hydrolysis of barium hexose diphosphate (HDP) with 
n-HBr (Neuberg, Lustig & Rothenberg, 1944) and isolated 
as the barium salt. The preparation contained about 5% 
each of HDP and inorganic phosphate. 

Ribose 5-phosphate (R 5-P). This was prepared by acid 
hydrolysis of 5-adenylic acid a1 1 isolated as the barium salt 
(Khym & Cohn, 1953). On paper chromatograms the pre- 
paration showed one major phosphate spot and a trace of 
material corresponding to adenylic acid. Analysis showed 
no inorganic phosphate, 6-69% of bound phosphorus, 
326% of ribose (orcinol test) and 1-3% of adenylic acid 
(260 mp. absorption): theoretical for BaC;H,O,,54H,0, 
6-62 % of bound phosphate and 32% of ribose. 

Hexose diphosphate. The barium salt, about 90% pure, 
was prepared from a yeast fermentation mixture by the 
method of Robison & Morgan (1930). The main impurity 
was inorganic phosphate. 

Ribulose 1:5-diphosphate (RuDP). The barium salt, 
purity about 70%, was obtained from Dr J. Hurwitz. 

3-Phosphoglycerate (3-PGA). The barium salt was pre- 
pared from a yeast-fermentation mixture according to 
Neuberg & Lustig (1942). The preparation gave a single 
phosphate spot on paper chromatograms and the amount of 
bound phosphate was over 98 % of theoretical for 3-PGA. 

2-Phosphoglycerate (2-PGA). The silver salt was donated 
by Dr W. Bartley. 

Phosphoenolpyruvate (PEP). The silver-barium salt was 
a gift from Dr W. Bartley. 

Diphosphopyridine nucleotide (DPN) and triphospho- 
pyridine nucleotide (TPN). These were prepared from pig 
liver and separated by gradient elutior from Dowex 1 resin 
with sodium formate-formic acid mixtures (Horecker, 
private communication). Preparations containing 70-90% 
of either DPN or TPN were obtained free of TPN and DPN 
respectively. Another sample of TPN, 82% pure by 
Zwischenferment assay, was a Sigma Chemical Co. product. 
DPN was assayed with the ethanol-alcohol dehydrogenase 
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Adenosine triphosphate (ATP). Two samples were used: 
(a) barium ATP, purity 90%, prepared from rabbit muscle 
(LePage, 1949) and donated by the Biochemistry Depart- 
ment, University of Sheffield; and (6b) dipotassium ATP 
from the Sigma Chemical Co. 

Pyruvate 2:4-dinitrophenylhydrazone. This was prepared 
by the method of Goodwin & Williams (1952). The carbonate 
solution of the 2:4-dinitrophenylhydrazone was acidified 
with H,SO, and extracted with ether. The residue, after 
evaporation of the ether, was used. The material gave two 
spots on paper chromatograms (cf. Isherwood & Cruick- 
shank, 1954). 

Ribulose. A solution of ribulose for use as a marker on 
paper chromatograms was made by hydrolysis of RuDP 
with phosphatase. Inorganic phosphate was removed by 
precipitation with barium and centrifuging. The resulting 
solution was treated with Dowex 50 (H form) to remove 
cations and freeze-dried. The residue was dissolved in a 
small volume of water. 

Mannoheptulose. This was a gift from the Chemistry 
Department, University of Birmingham. 

Na,"CO,. Radioactive sodium carbonate, containing 
130 uc/mg. of Na,CO,, was obtained from the Radio- 
chemical Centre, Amersham. 

Preparation of sodium or potassium salts of phosphate 
esters. The barium salts were dissolved in a small volume of 
0-1n-HCl and a slight excess of either Na,SO, or K,SO, was 
added. The precipitate was removed by centrifuging, 
washed with 0-1N-HCl, and the supernatant and washings 
were neutralized with either NaOH or KOH. Silver salts 
were suspended in a small volume of water and decomposed 
with H,S. After centrifuging the supernatant was aerated 
for 30 min. and neutralized. 

Zwischenferment. A preparation from baker’s yeast 
(Oliver, 1955) was given by Mr I. T. Oliver. The preparation 
contained hexose monophosphate isomerase but had no 
action on either 6-PG or R 5-P. 

Alcohol dehydrogenase. A preparation from baker’s yeast 
(Racker, 1950) was given by Mr I. T. Oliver. 

Acid phosphatase. This was prepared from potato-press 
juice by the method of Schramm & Flammersfeld (1947), 
except that the second fractionation with (NH,).SO, was 
omitted. A water solution of the enzyme was freeze-dried 
and kept at 2° in vacuo over anhydrous CaCl,, under which 
condition it remained stable for at least 6 months. The 
enzyme was strongly inhibited by inorganic phosphate; for 
this reason, esters to be hydrolysed were generally first 
separated from inorganic phosphate by chromatography on 
paper. For hydrolysis, about 1 mg. of phosphatase was 
mixed with the ester in 0-01 M acetate, pH 5-0, and incubated 
at 30°. Under these conditions 1-4 pmoles of 3-PGA, 6-PG, 
G 6-P, R 5-P or HDP were more than 90% hydrolysed in 
60-90 min.; in general an incubation period of 5-7 hr. was 
used. 

Analytical methods 


Total nitrogen. This was determined by digestion of the 
sample according to Johnson (1941), followed by steam 
distillation of the ammonia formed into ethanolic boric acid 
(Conway & O’Malley, 1942) and titration with HCl. 

Phosphate. Inorganic phosphate was measured by the 
method of Fiske & Subbarow (1925), and total phosphorus 
according to Allen (1940). 

Triose phosphate. The inorganic phosphate liberated 
during incubation of the sample in N-NaOH for 20 min. at 
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room temperature was taken as a measure of triose phos- 
phate (Lohmann & Meyerhof, 1934). 

Phosphoenolpyruvate. This was measured by the libera- 
tion of inorganic phosphate in alkaline iodine solution 
(Lohmann & Meyerhof, 1934) and also by the keto acid 
produced on hydrolysis of the sample in N-HCl for 30 min. 
at 100°. 

Total fructose. This was determined by reaction with 
resorcinol (Roe, 1934). 

Total pentose. This was determined by reaction with 
orcinol (Meijbaum, 1939). The samples were heated in 
boiling water for 40 min. as recommended by Albaum & 
Umbreit (1947). 

Keto acids. The method of Goodwin & Williams (1952) 
was used. 

Total carbohydrate. The anthrone method of Trevelyan & 
Harrison (1952) was used. 

Spectrophotometry. Spectrophotometric measurements 
were made with the Unicam SP. 500 spectrophotometer. 


Paper partition chromatography 


Whatman no. | paper was used throughout, and develop- 
ment carried out at 20-25°. Unless otherwise stated 
descending development was used. The solvent ratios listed 
below are v/v unless otherwise stated. 

Phosphate esters. Paper for the chromatography of 
phosphate esters was pretreated by washing consecutively 
with n-HCl (Mortimer, 1952), water and 0-2% ethylene- 
diaminetetraacetate at pH 8-5 (Eggleston & Hems, 1952). 
After six further washings in water the papers were dried in 
air. 

Initial separations were usually made with either diiso- 
propyl! ether-90 % (w/v) formic acid (3:2) (Hanes & Isher- 
wood, 1949) or ethyl acetate—acetic acid—water (3:3:1) 
(Mortimer, 1952). The first solvent was particularly useful in 
separating phosphate esters from inorganic phosphate. The 
following solvents were also used for identification of esters: 
methanol—-N H, soln. (sp. gr. 0-88)—water (16:3: 1) (Bandurski 
& Axelrod, 1951), tert.-pentanol-water-toluene-p-sulphonic 
acid (60 ml.:30 ml.:2 g., upper phase) (Hanes & Isherwood, 
1949), itsobutyric acid—N-N H, soln. (5:3) containing 0-001 M 
ethylenediaminetetraacetic acid (Krebs & Hems, 1953) and 
80% aqueous ethanol containing acetate, pH 3-5 (Cohen & 
Scott, 1950). 2- and 3-PGA were separated by the technique 
of Cowgill (1955) except that, instead of washing the papers 
with molybdate, 0-5% sodium molybdate was added to the 
solvent system [ethanol-water-90% (w/v) formic acid 
(70:29: 1))]. 

Areas containing phosphate were revealed by spraying 
the papers with a mixture of perchloric acid, ammonium 
molybdate and HCl (Hanes & Isherwood, 1949), followed by 
heating at 100° for 3 min. and exposure to H,S. 

Reducing carbohydrates. These were separated with ethyl 
acetate—pyridine—water (2:1:2, upper phase) (Jermyn & 
Isherwood, 1949). Reducing areas were located by spraying 
the papers with AgNO, in acetone, exposing to NH, fumes 
and heating for 10 min. at 80° (Dedonder, 1952). Fructose 
was detected as a red spot by spraying with resorcinol in 
ethanol acidified with HCl (Forsyth, 1948). The differential 
spray of Klevstrand & Nordal (1950), consisting of orcinol 
and trichloroacetic acid (TCA) in n-butanol, was also used. 
With this spray heptulose appears as a blue spot and 
fructose as a yellow spot (Benvenue & Williams, 1951). 
Ribulose gives a brown colour (Weissbach et al. 1954a). 
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Organic acids. These were separated with either pentan-1- 
ol-5m aqueous formic acid (1:1, upper phase) (Buch, 
Montgomery & Porter, 1952) or n-butanol—propionie acid— 
water, prepared according to Benson eé al. (1950). Acid 
areas were located by spraying with 0-04% (w/v) bromo- 
phenol blue in ethanol (Buch et al. 1952). 

2:4-Dinitrophenylhydrazones. The solvent systems n- 
butanol saturated with water and n-butanol-ethanol—water 
(50:10:40, upper phase) (Cavallini, Frontalli & Toschi, 
1949) were used. In general sufficient material was applied 
to the paper to be visible without further treatment. Faint 
spots were intensified by spraying the paper with 10% (w/v) 
aqueous NaOH (Rice, Keller & Kirchner, 1951). 

Radioactivity. Radioactive areas on paper chromato- 
grams were detected by one of two methods. (a) The papers 
were exposed to Ilford, Industrial G, X-ray film for 3-4 
weeks. The film was then developed in Kodak D. 196 X-ray 
film developer and fixed in Kodak F. 54A fixing solution. 
The limit of detection by this method was about 100 counts/ 
min. of “C/cm.? applied to the paper. (b) With one-way 
chromatograms, radioactive areas were also detected by 
cutting the paper into 0-5 cm. x 2-0 cm. strips and deter- 
mining the relative radioactivity in each strip with the 
Geiger—Miller counter. 

Since the paper exhibited a variable self-absorption the 
quantitative determination of “C on chromatograms was 
made by eluting the radioactive area with water, plating and 
counting as described in the next section. 


Measurement of radioactivity 


In samples containing much solid material, such as incu- 
bation mixtures, organic material was converted into CO, 
by wet combustion (Van Slyke & Folch, 1940). The CO, 
liberated was trapped in 3N-NaOH and converted into 
BaCO, by mixing the alkaline solution with excess of 5% 
(w/v) BaCl,. The BaCO, was collected on Whatman no. 40 
filter paper disks, washed with water and acetone and dried 
under an infrared lamp. The 1C content of the BaCO, was 
found with an end-window Geiger—Miiller counter. Correc- 
tions for self absorption were made from a standard curve. 
This technique has been described in more detail by Ormerod 
(1956). 

The “C in samples containing less than 0-1 mg. of solid 
matter (e.g. eluates from paper chromatograms) was 
generally determined by plating the sample directly on to 
copper disks, drying and counting (Ormerod, 1956). Self 
absorption was negligible and good agreement was found 
between values obtained by this method and those by wet 
combustion. 

The C in the carboxyl group of glyceric acid was deter- 
mined by oxidation of the acid with sodium metaperiodate at 
pH 5-8. Under these conditions glyceric acid is converted 
into formaldehyde, formic acid and CO,, the CO, arising 
from the carboxyl group (Sprinson & Chargaff, 1946; 
Sakami, 1950). Carrier glyceric acid was mixed with the 
radioactive sample, NaIO, added and the mixture aerated 
with CO,-free air for 2 hr. at room temperature. Carbon 
dioxide was trapped in NaOH, converted into BaCO, and 
counted as described above. 

Activities were corrected for background and are ex- 
pressed as counts/min. at infinite thinness. Unless other- 
wise stated, the standard counting error was less than 
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General experimental procedures 


MCO, fixation experiments. These were carried out in 
Warburg manometers equipped with double side-bulb cups. 
To prevent losses of CO, during equilibration and gassing, 
the Na,“CO, was placed in one side bulb and other sub- 
strates in the second side bulb. The buffer systems used were 
such that the change in pH on addition of Na,'*CO, was less 
than 0-1 unit. At the end of the reaction the cups were 
removed from the manometers and 5% (w/v) of TCA was 
added. The cup contents were then aerated for 30 min. to 
remove residual CO,. Control experiments showed that the 
retention of radioactive CO, was negligible after this treat- 
ment. 

Isolation of ‘phosphate esters’. Reaction mixtures were 
deproteinized with 5% (w/v) of TCA and centrifuged, and 
the supernatants brought to pH 8-2 with NaOH. Barium 
acetate was then added to give a concentration of about 
0-2 and the mixture poured into 4 vol. of absolute ethanol. 
The precipitate was removed by centrifuging, washed with 
absolute ethanol and dried in vacuo. The precipitate was 
redissolved in a small volume of 0-1N-HCl and passed 
through a column of Dowex 50 (H form) to remove barium. 
(Generally a small portion of the barium precipitate failed 
to redissolve in HCl. This was removed by centrifuging 
before treatment with Dowex.) The resulting solutions were 
then freeze-dried and stored at —20° until required. The dried 
material is referred to as the ‘ phosphate ester fraction’, but 
also contained organic material other than phosphate esters. 


RESULTS 


Fixation of “CO, by extracts of 
Thiobacillus denitrificans 


Fixation by crude extracts. Crude dialysed 
extracts of 7’. denitrificans prepared in the Hughes 
press or by extraction of freeze-dried bacteria, were 
found to fix CO, in the presence of Mg?* and ATP. 


Table 1. Fixation of “CO, by extracts of 
Thiobacillus denitrificans 


Expt. 1. The reaction mixture (4 ml.) contained: 0-1m 
aminotrishydroxymethylmethane (tris, pH 7-1), 0-5% of 
KCl, 6 moles of ATP, 40umoles of MgCl,, 2-5 moles of 
NaHCoO,, 1-6umoles of Na,'CO, (500000 counts/min.) 
and 7-3 mg. of enzyme N (Hughes press extract, dialysed 
for 20 hr. against 1% (w/v) KCl at 2°). Incubation for 
3 hr. under O,-free N, at 30°. Expt. 2. As Expt. 1 except 
that mixture contained 1-25 pmoles of NaHCO,and4-95 mg. 
of enzyme N. 


Additions MC fixed 

Expt. (6 wzmoles) (counts/min.) Change 

1 None 46 800 — 
R 5-P 93 700 46 900 
6-PG 53 800 7 000 
G 6-P 48 100 1 300 
HDP 75 000 28 200 
5-Adenylie acid 37 200 — 9 600 
pt-Malate (12 moles) 42 000 — 4800 

2 None 9 100 — 
R 5-P 42 000 22 900 
3-PGA 8 700 — 400 
Pyruvate 11 100 2 000 
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Fixation of “CO, was increased from two to four 
times by the addition of R5-P (Table 1). Fixation 
was also increased by HDP and to a smaller extent 
by 6-PG. The addition of G6-P, 3-PGA and 
pyruvate had little or no effect, and a slight in- 
hibition was observed on the addition of either 5- 
adenylic acid or malate. In each case all the “C 
fixed was in the supernatant after precipitation of 
protein with TCA and centrifuging. 

The fixation in the presence of R5-P was much 
reduced in the absence of either ATP or Mg?t 
(Table 2). Magnesium could be replaced by 10 mmu- 
Mn?*+ but Co** had little effect at this concentration 
and 0-1 mm-Fe?+ inhibited fixation by about 50%. 
Weissbach, Smyrniotis & Horecker (19546) have 
shown that fixation of 4CO, by crude extracts of 
spinach in the presence of R.5-P was increased by 
the addition of TPN. With crude extracts of T. 
denitrificans addition of TPN doubled the ‘blank’ 
fixation but had no effect on the increase in 4CO, 
fixed due to R5-P. Cysteine, glutathione, cocarb- 
oxylase, and DPN were also without effect. 

The phosphate ester fraction was isolated from 
the protein-free supernatant of a fixation experi- 
ment and was found to contain about 92% of the 
total 4C fixed (Table 3). Barium was removed from 
the precipitate by treatment with Dowex 50 and the 
resulting solution freeze-dried without neutraliza- 
tion. A considerable amount of radioactivity was 
lost at this stage. If the Dowex-treated material 
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Table 2. Cofactors for “CO, fixation in the 
presence of ribose 5-phosphate 


The reaction mixture contained 6ymoles of R5-P; 
other conditions were as for Table 1. Enzyme N: Expt. 1, 


3-34 mg.; Expt. 2, 6-5 mg. : 
MC fixed 


Expt. (counts/min.) 
] Complete system 25 000 
ATP omitted 3 450 
MgCl, omitted 870 
R 5-P omitted 7 000 
2 Complete system 67 500 
MgCl, omitted 2 900 
MnSO, added in place of MgCl, 79 000 
CoSO, added in place of MgCl, 9 750 
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was neutralized before freeze-drying this loss was 
prevented, which suggested that the loss was due to 
evaporation of volatile acids. However, since the 
main interest at this stage was in non-volatile 
phosphate esters and since large amounts of salt 
affected subsequent chromatography, neutraliza- 
tion was omitted. The freeze-dried material was 
chromatographed on paper with ethyl acetate- 
acetic acid—water, and radioactive areas were 
located by exposing the dry chromatograms to 
X-ray film. The position of each area relative to 
3-PGA was noted, and the areas were eluted and 
their 4C content was determined. The results are 


shown in Fig. 1. Recoveries of fixed “C during the _ 


fractionation are shown in Table 3. 
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Fig. 1. Products of CO, fixation. The freeze-dried material 
from the experiment described in Table 3 was chromato- 
graphed on paper (see text). The open columns show the 
counts/min. in the radioactive fractions from the reaction 
mixture without R 5-P, and the solid columns show the 
values obtained in the presence of R 5-P. 


Table 3. Fractionation of products of “CO, fixation 


The reaction mixture (5 ml.) contained: 0-5% of KCl, 0-1 tris (pH 7-1), 10 umoles of R 5-P, 4-8 wmoles of Na,4CO, 
(1500000 counts/min.), 30 zmoles of MgCl,, 10 uzmoles of ATP and 8-6 mg. of enzyme N (Hughes press extract dialysed 
for 20 hr. against 1% (w/v) KCl at 2°). This was incubated at 30° under O,-free N, and the supernatant then fractionated 


as described in the text. 
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No R5-P (a) With R 5-P (b) 


Total 

Phosphate esters before freeze-drying 

Phosphate esters after freeze-drying 

Sum of counts/min. in eluates from 
chromatogram (see Fig. 1) 


MC fixed/ml. (counts/min.) 





(b) — (a) 
20 400 46 900 26 500 
19 200 42 900 23 700 
9 500 24 700 15 200 
9 000 23 700 = 
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Eight radioactive areas were found, one of which 
(VI) was subsequently separated into two com- 
pounds by chromatography with tert.-pentanol— 
water—toluene-p-sulphonic acid (see below). Three 
compounds (V, VIB and VII) were of immediate 
interest since the amount of 14C in these was in- 
creased five- to seven-fold in the presence of R.5-P. 
The radioactivity in the other compounds was 
increased to a lesser extent by R.5-P. 
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Fig. 2, For legend see bottom of next column. 
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Identification of compound (V). After correcting 
for the blank fixation about 50% of the radio- 
activity in the freeze-dried material was present in 
compound (V). Compound (V) had the same Rf, as 
phosphoglycerate in ethyl acetate—acetic acid— 
water, and its identity was further confirmed by 
two-dimensional chromatography with carrier 
3-PGA, and with zsopropyl ether—formic acid and 
methanol—NH, soln.—water as solvents. The main 
radioactive area was coincident with PGA (Fig. 2a). 
A small radioactive area running slightly ahead of 
PGA and equal to about 1% of the total counts 
applied to the paper, was also present. This did not 
reproduce in the photograph but its position is 
shown by the solid line. Its position was that given 
by PEP and it may have been due to contamination 
by compound (VI). Compound (V) also ran as PGA 
in the solvents ethanol-acetate pH 3-5, zsobutyric 
acid—NH, soln. and tert.-pentanol—water—toluene- 
p-sulphonic acid. A sample of compound (V) was 
mixed with authentic 3-PGA and hydrolysed with 
phosphatase. The bulk of the inorganic phosphate 
was removed by the addition of a small amount of 
barium acetate, and centrifuging, and the super- 
natant treated with Dowex 50 (H form) to remove 
cations. There remained 95% of the C in the 
supernatant. The latter was concentrated to a small 
volume by distillation from the frozen state and 
run on a two-dimensional chromatogram with 
pentan-l-ol-formic acid—water and n-butanol- 
propionic acid—water. Most of the radioactivity 
corresponded to glyceric acid, located by spraying 
with bromophenol blue (Fig. 26). The two smaller 
radioactive areas appeared to be due to a break- 
down of glyceric acid either during development in 
the first solvent or during the intermediate drying, 
since when the glyceric acid was eluted and re- 
chromatographed under the same conditions the 
two contaminating spots reappeared. 


Fig. 2. Chromatography and radioautography of com- 
pound V and its dephosphorylation product. (a) Photo- 
graphic reproduction of a radioautograph of a two- 
dimensional chromatogram of compound (V) (9000 counts/ 
min.) with carrier 3-PGA developed 1, with isopropyl 
ether-formic acid (ascending); 2, with methanol-NH, 
soln.—water (descending). After the radioautograph was 
made (exposure for 3 weeks) the chromatogram was 
sprayed with acid—-molybdate reagent. The 3-PGA area 
(dotted line) has been superimposed on the radioauto- 
graph. The solid line outlines a faint radioactive area 
which did not appear on reproduction. (6) Photographic 
reproduction of a radioautograph of a two-dimensional 
chromatogram of compound (V) (15000 counts/min.), and 
carrier 3-PGA chromatographed after treatment with 
phosphatase (see text). Development: 1, pentan-1-ol-5m 
formic acid (ascending) ; 2, butanol—propionic acid—water 
(descending). After radioautography (exposure for 
3 weeks) acid areas (dotted line) were located by spraying 
with bromophenol blue. 
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The solvent systems described above did not 
distinguish between 2- and 3-PGA. Fig.3 shows the 
result ofa chromatogram of compound (V) developed 
with ethanol—formic acid containing sodium molyb- 
date. Both 2- and 3-PGA were found in a ratio 
approximating to that reported for the phospho- 
glyceromutase equilibrium (Meyerhof & Kiessling, 
1935). 

Identification of compound (VIB). The position of 
compound (VI) on the chromatogram developed 
with ethyl acetate—acetic acid—water corresponded 
to that given by PEP. The radioactive material also 
moved as PEP with the solvents ethanol—acetate 
pH 3-5 and methanol—NH, soln.—water. However, 
on chromatograms developed with ¢ert.-pentanol— 
water—toluene-p-sulphonic acid, compound (VI) 
separated into two parts, the faster-moving com- 
ponent, compound (VIB), corresponding to PEP 
(Fig. 4a). The latter was eluted, mixed with 
authentic PEP and hydrolysed with phosphatase. 
2:4-Dinitrophenylhydrazones were prepared and 
chromatographed with two different solvents. Most 
of the radioactivity was found in the pyruvate 2:4- 
dinitrophenylhydrazone area (Fig. 40, c). 

Other radioactive compounds. Compound (VII) was 
not a phosphate ester but so far has not been identi- 
fied. The identification of the other radioactive 
compounds has not been undertaken. 

Fixation of “CO, by fractionated extracts. The 
experiments described above show that PGA was 
one of the products of CO, fixation in the presence of 
R5-P. However, since a number of other labelled 
compounds were also formed they do not establish 
whether PGA was formed directly from pentose 
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Fig. 3. Chromatography of compound (V) with ethanol— 
formic acid—water containing sodium molybdate. Com- 
pound (V) was mixed with carrier 2- and 3-PGA before 
chromatography, and the distribution of radioactivity 
along the chromatogram (upper part of the figure) was 
determined by counting 0-5cem.x2cm. strips of the 
paper for 5 min. (Values have not been corrected for self 
absorption.) Markers were run parallel to the radioactive 
material (lower part of the figure). 
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phosphate or arose by some secondary reaction. 
The crude extracts have been fractionated with 
ammonium sulphate (see Materials and Methods 
and Table 4) and a fraction obtained which fixed 
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Fig. 4. Chromatography of compound (VI) and the 2:4- 
dinitrophenylhydrazones (DN P) of its hydrolysis product. 
The upper and lower parts of each curve show the distri- 
bution of radioactivity along the chromatograms and 
positions of markers respectively (cf. Fig. 3). (a) Com- 
pound (VI) chromatographed with  tert.-pentanol- 
water-toluene-p-sulphonic acid. Marker PEP. (b) DNP 
of dephosphorylated compound (VIB) (see text), chro- 
matographed with n-butanol saturated with water. 
Marker, pyruvate-DNP. (c) DNP area eluted from 
chromatogram (b) chromatographed with n-butanol- 
ethanol-water. Marker, pyruvate-DNP. 


Table 4. Fractionation of CO,-fixing enzyme 
Activities were determined under conditions similar to 
those in Table 3. Specific activities are the counts/min. of 
MC fixed/mg. of N/3 hr. corrected for fixation in the absence 
of R 5-P. Total activities are the specific activities multi- 
plied by the mg. of N and are expressed as a percentage of 
the values thus obtained with the crude extract. 


Recovery 


Total 


Fraction 
(saturation of mg. of activity Specific 
ammonium sulphate) N (%) activity 
Whole extract 63-0 100 7 150 
First fractionation 

0-30 % 11-6 6 1 690 
30-90% 37°5 62 7 400 

Second fractionation 
0-40% 2 ; 640 
40-50% 27 15 000 
50-60 % 1 750 
v0 0 





30)_75, 0 
60-75% 
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4CO, in the presence of both R.5-P and ATP but not 
with either alone (Table 5). 

R5-P, ATP and a fraction of the extract pre- 
cipitating between 40 and 50% saturation with 
ammonium sulphate were incubated under condi- 
tions described in Table 5. The total 1C fixed was 
19 400 counts/min. (105 counts/min. in the absence 
of R5-P) of which 18300 counts/min. (95%) were 
recovered in the phosphate ester fraction. The whole 
phosphate ester fraction was hydrolysed with 
phosphatase and chromatographed with butanol— 
propionic acid—water. Only one major radioactive 
compound was present, which corresponded to 
glyceric acid (Fig. 5) and contained 18000 counts/ 
min. (93%). 

Effect of RuDP on “CO, fixation. Fractionated 
extracts fixed “CO, in the presence of RuDP alone 
(Table 5). The phosphate ester fraction from this 
was chromatographed with ethyl 


experiment 


Counts/min. 





10 15 
Distance from origin (cm.) 


Fig. 5. Chromatography of hydrolysed phosphate esters 
from a reaction mixture containing R5-P, ATP and 
fractionated enzyme (see text). The upper part of the 
curve shows the distribution of radioactivity along the 
chromatogram (cf. Fig. 3), and the lower part a tracing of 
the acid areas. Spots: 1, 3-PGA (faint); 2, inorganic 
phosphoric acid; 3, glyceric acid. 


Table 5. Fixation of “CO, by a fractionated extract 


The basic mixture (4 ml.) contained: 0-5% of KCl, 
0-1 tris (pH 7-1), 1-25 moles of NaHCO,, 1-6umoles of 
Na,“CO, (500 000 counts/min.), 40 umoles.of MgCl, and 
2-32 mg. of enzyme N (fraction of Hughes press extract 
precipitating between 35 and 50 % saturation of ammonium 
sulphate). Incubated for 2 hr. at 30° under N,. 


Additions MC Fixed 
Cup (4 umoles) (counts/min.) 
] None 0 
2 R 5-P 0 
3 ATP 630 
4 R 5-P and ATP 36 200 
5 RuDP 46 300 
3-PGA from cup 5 45 200 
Carboxyl group of 3-PGA 43 200 


from cup 5 
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acetate—acetic acid—water and found to contain 
only one radioactive compound. This corresponded 
to 3-PGA. The compound could not be separated 
from authentic 3-PGA when mixtures of the two 
were chromatographed with methanol—-NH, soln.— 
water and ethanol—formic acid—water containing 
sodium molybdate; no 2-PGA was detected. About 
98% of the “C fixed was recovered in 3-PGA 
(Table 5). Hydrolysis of the labelled material with 
phosphatase gave a compound which chromato- 
graphed as glyceric acid. The labelled carbon in 
glyceric acid, isolated from an incubation mixture of 
crude extract, R5-P and ATP, was found to be 
entirely in the carboxyl group (Trudinger, 1955). 
A similar distribution was found in the glyceric acid 
isolated during fixation of 4CO, in the presence of 
RuDP (Table 5). 

Fixation of “CO, in the presence of HDP. Fixation 
of 44CO, by crude extracts was considerably in- 
creased by the addition of HDP (Table 1). This 
increase was found to be dependent on ATP, and 
radioautography of chromatograms of the freeze- 
dried phosphate ester fraction showed that, at least 
in this fraction, the end products were very similar 
to those found during fixation in the presence of 
R5-P. About 50 % of the “C in the phosphate ester 
fraction was in PGA. 


Interconversion of pentose and hexose phosphates 

The fixation of 14CO, into PGA by extracts in the 
presence of HDP suggested that the latter was 
converted into pentose phosphate before CO, 
fixation. By the action of aldolase and hexose 
diphosphatase, which were present in the extracts 
(see below), HDP can be converted into triose 
phosphate and F6-P which in turn give rise to 
pentose phosphate by reactions (3), (4) and (5) 
(see p. 274). The extracts were examined for enzymes 
catalysing the last three reactions. 

Evidence for transketolase and _transaldolase. 
R5-P was rapidly metabolized by dialysed extracts 
in the absence of ATP, with the formation of hexose 
monophosphate (Fig. 6). The extracts did not con- 
tain G 6-P dehydrogenase. During R 5-P removal 
triose phosphate was also produced and an increase 
in absorption at 600 muy. in the orcinol reaction 
suggested that heptulose was formed (Horecker & 
Smyrniotis, 1952). In these experiments Co?* was 
omitted from the reaction mixtures and aldolase 
activity was therefore very low (see below). The 
phosphate ester fraction from an incubation mixture 
of R 5-P and an extract of freeze-dried bacteria 
was chromatographed with isopropyl ether—formic 
acid. The sugar monophosphate area was eluted, 
hydrolysed with phosphatase and chromatographed 
with ethyl acetate—pyridine—water. In addition to 
residual ribose four reducing compounds were 
found which corresponded to glucose, fructose, 
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heptulose (mannoheptulose was used as a marker) 
and tetrose (Ryjucose> 2°19, ef. Isherwood & Jermyn, 
1951). The heptulose gave a blue colour when 
sprayed with the orcinol-TCA reagent. After 
10 min. incubation ‘heptulose’ predominated, but 
at 30 min. hexose, ‘heptulose’ and ‘tetrose’ were 
present in approximately equal amounts. 

A direct demonstration of pentose phosphate 
formation from hexose phosphates is shown in 
Table 6. Pentose was formed at a maximum rate 
when both HDP and G 6-P were added. No CO, was 
formed during the reaction. Chromatography of 
the hydrolysed phosphate esters from this experi- 
ment showed the presence of ‘heptulose’, ‘tetrose’, 
ribose and a compound moving as ribulose. The 
latter gave a brown colour with the orcinol-TCA 
spray similar to that given by ribulose. 

Pentose phosphate isomerase. The results de- 
scribed in the last section and the experiments on the 
fixation of CO, in the presence of pentose phos- 
phates suggested the presence of pentose phosphate 
isomerase. Attempts to demonstrate a direct 
formation of Ru 5-P from R 5-P chromatographic- 
ally were not successful, probably owing to the 
rapid further metabolism of the pentose phosphates. 
However, when extracts were incubated for 1-2 min. 
with R5-P, a compound was produced which 
reacted in the cysteine—carbazole test of Dische & 
Borenfreund (1951) to give a colour with an 
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Fig. 6. Hexose monophosphate formation from ribose 
5-phosphate. The reaction mixture (3 ml.) contained 
0-1% of KCl, 4umoles of R 5-P, 30umoles of MgCl, 
0-1 tris, pH 7-1, and 0-32 mg. of enzyme N (extract of 
freeze-dried cells dialysed for 20 hr. against 1% KCl at 
2°). Additions: a, 0-4 umole of TPN; b,1 mg. of Zwischen- 
ferment. 
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absorption maximum at about 542 mu. similar to 
that given by ribulose (Fig. 7). After 5 min. 
incubation other compounds appeared which 
reacted in the cysteine—carbazole test. Based on 
the cysteine—carbazole colour at 540 my. which 
appeared after 1 min. incubation, activities of 
pentose phosphate isomerase of up to 20 moles 
transformed/mg. of N/hr. have been recorded. 


Table 6. Pentose formation from 
hexose phosphates 


The complete system (2 ml.) contained: 0-25% of KCl, 
0-1M tris (pH 7-1), 25 moles of G 6-P, 25 umoles of HDP, 
20 moles of CoSO, and 0-84 mg. of enzyme N (extract of 
freeze-dried bacteria, dialysed for 20 hr. against 1% (w/v) 
KCl at 2°). Incubated at 30° under O,-free N,. Pentose 
was measured by the orcinol reaction and is expressed as 


ribose. 
Pentose formed 


(umoles) 
30 min. 120 min. 
Complete system 2-35 6-14 
G 6-P omitted 0-54 3-08 
HDP omitted 0-34 0-62 
G 6-P and HDP omitted 0-00 0-00 
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Fig. 7. Spectra of chromogens obtained in the cysteine— 
carbazole test. A dialysed extract of freeze-dried bacteria 
(1-5 mg. of N) was incubated with 6 wmoles of R 5-P and 
40 pmoles of MgCl, in 0-1 tris, pH 7-1, at 30°. Samples of 
the supernatants, after precipitation of protein with 5% 
(w/v) TCA, were treated with cysteine and carbazole 
according to Dische & Borenfreund (1951), and the 
spectra of the colours produced determined. Curves: 
1, ribulose; 2, supernatant after incubation for 1 min.; 
3, supernatant at zero time. 
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Glycolytic enzymes in extracts of 
Thiobacillus denitrificans 


Hexose monophosphate isomerase. A substance 
reacting in the resorcinol test for fructose was 
produced when dialysed extracts of 7’. denitrificans 
were incubated with G 6-P in the absence of any 
added cofactors (Table 7). The phosphate esters 
fraction isolated from a reaction mixture was 
analysed by paper chromatography. In addition to 
G 6-P a compound was found which moved as 
F 6-P with the solvents ethyl acetate—acetic acid— 
water, zsobutyric acid—N H, soln. or isopropyl ether- 
formic acid. Hydrolysis of this material with 
phosphatase gave a compound which could not be 
separated from fructose with ethyl acetate— 
pyridine—water, and which gave a red colour similar 


Table 7. Hexose monophosphate isomerase 


The reaction mixture (1 ml.) contained: 0-1m tris 
(pH 7-8), 9-4 mg. of enzyme N (extract of freeze-dried 
bacteria dialysed for 20 hr. against 1% (w/v) KCI at 2°), 
and 4umoles of G 6-P. Incubated at 30° under O,-free N,. 
F 6-P was measured by the resorcinol method. Fructose 
values were multiplied by 100/60-5 (Umbreit, Burris & 
Stauffer, 1949). 


Time F 6-P 
(min.) (umole) 
0 0 
10 0-27 
20 0-48 
40 0-83 
60 0-97 
60 (no G 6-P) 0 


Table 8. Aldolase and hexose diphosphatase 


The basic mixture (2 ml.) contained: 0-25% of KCl, 
0-1M tris (pH 7-1), and 25yumoles of HDP. Incubation at 
30° under O,-free N,. Expt. 1: 0-4:mg. of enzyme N 
(extract of freeze-dried bacteria, dialysed for 20 hr. against 
1% (w/v) KCl at 2°); incubated for 10 min.; Expt. 2, 
0-34 mg. of enzyme N, incubated for 45 min. 

Phosphate formed 


(umoles/2 ml.) 
SSeS 


Conen. ; Alkali- 

Expt. Additions (mm) Inorganic labile 
1 None — 0 0-84 
(O0-O1 0 0-98 

fe 0-04 1-80 

ge 0-5 0-06 3-08 

CoSO, 11-0 0-08 3-58 

| 1-5 0-14 3-64 

(2-0 0-20 3-64 

2 None — 0-09 2-73 
CoSO, 1-5 1-68 5-16 
MnsSO, 1-5 1-20 2-16 

FeSO, 1-5 0-21 3-21 

ZnSO, 1-5 0-69 1-02 

MgCl, 1-5 0-84 2-16 
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to that given by fructose when sprayed with 
resorcinol reagent. The activities of isomerase were 
in the order of 4-5 pmoles of F 6-P formed/mg. of 
N/hr. 

Aldolase and hexose diphosphatase. Dialysed 
extracts of 7. denitrificans converted HDP into 
triose phosphate measured as alkali-labile phos- 
phate (Table 8). For maximum activity 1-2 mmu- 
Co?+ was required; Fe?+ replaced Co?*+ but its 
optimum concentration was about four times as 
high. Mn?+ and Mg?+ were without effect at concen- 
trations between 0-1 and 10 mM, and 1-5 mmM-Zn?+ 
inhibited the rate of triose phosphate formation 
about 60%. Under the conditions used the 
maximum rates were approximately 50 umoles of 
alkali-labile phosphate/mg. of N/hr. 

Triose phosphate formation was usually accom- 
panied by a slower production of inorganic phos- 
phate. This was also increased by the addition of 
Co?+ but also by Mn?+ and to a lesser extent by 
Mg?+, Fe?+ and Zn?+ (Table 8, Expt. 2). Two phos- 
phorylated compounds were isolated from a 
reaction mixture of enzyme, HDP and Mn*+ which 
were indistinguishable on paper chromatograms 
from F 6-P and G 6-P. isoPropyl ether—formic acid 
and isobutyric acid—NH, soln. were used as solvents. 
Hydrolysis of these compounds with phosphatase 
produced fructose and glucose respectively. The 
maximum rates observed were 6—7yumoles of 
inorganic phosphate formed/mg. of N/hr. 

Triose phosphate dehydrogenase and phospho- 
glycerokinase. DPN was reduced by extracts of 
T. denitrificans in the presence of HDP (Fig. 8, 
Expt. 1). No DPN reduction was observed when 
G 6-P replaced HDP; TPN was not reduced. The 
addition of inorganic phosphate to extracts 
dialysed for 2 hr. against 1% (w/v) KCl had no 
marked effect on the rate of DPN reduction, but 
these extracts were found to contain considerable 
amounts of phosphate. Dialysis for 20 hr. abolished 
enzyme activity, which was partly restored by the 
addition of inorganic phosphate and glutathione. 

In the presence of arsenate the triose phosphate 
dehydrogenase reaction proceeds irreversibly to the 
right, and 3-PGA accumulates (Warburg & 
Christian, 1939, 1943). A reaction mixture con- 
sisting of extract (0-3 mg. of N), HDP (5 moles), 
sodium arsenate (15 moles) and DPN (4moles) 
was incubated until DPN was completely reduced. 
From the supernatant a compound was isolated 
which moved as PGA on paper chromatograms with 
ethyl acetate—acetic acid-water and methanol- 
NH, soln._water as solvents. This compound was 
not produced in the absence of DPN. 

Reduced DPN (DNPH) was oxidized by the 
extracts when 3-PGA and ATP were added (Fig. 8). 
DPNH was generated either by the extract + HDP 
(Expt. 1) or by ethanol and alcohol dehydrogenase 
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Fig. 8. Triose phosphate dehydrogenase and phospho- 


glycerokinase. Expt. 1. Reaction mixture (3 ml.) 
contained: 0-066m tris, pH 7-6, 5yumoles of HDP, 
30 umoles of phosphate, 3 umoles of CoSO, and 0-3 mg. of 
enzyme N (Hughes press extract dialysed for 2 hr. against 
0-1m tris, pH 7-6, at 2°). Temp., 24°. Additions: a, 
0-15 umole of DPN; 6, 10 umoles of 3-PGA; c, 2 umoles of 
ATP. Expt. 2. Reaction mixture (3 ml.) contained: 
0-066 tris, pH 7-6, 30 umoles of ethanol and 0-3 mg. of 
enzyme N (as in 8a). Additions: a, 0-15 umole of DPN; 
b, 1 mg. of alcohol dehydrogenase; c, 0-15 ymole of DPN; 
d, 10umoles of 3-PGA; e, 2umoles of ATP. Expt. 3. 
Reaction mixture as in Expt. 2. Additions: a, 0-3 umole 
of DPN; b, 1 mg. of alcohol dehydrogenase; c, 2 zmoles of 
ATP; d, 10 wmoles of 3-PGA. 


Table 9. Carbohydrate synthesis 
from 3-phosphoglycerate 


The complete system (3-7 ml.) contained: 50 moles of 
3-PGA, 0-6 umole of DPN, 50 moles of ethanol, 3 mg. of 
alcohol dehydrogenase, 30umoles of CoSO,, 10 umoles of 
ATP, 0-1 tris (pH 7-6) and 0-3 mg. of enzyme N (Hughes 
press extract extracted with 0-1 tris (pH 7-6) and dialysed 
for 2 hr. against the same medium at 2°). Incubated for 
lhr. at 30°. ‘Carbohydrate’ was measured by the an- 
throne method and expressed as glucose. 


‘Carbohydrate’ 

formed 

(umoles) 
Complete system 3-52 
Alcohol dehydrogenase omitted — 0-06 
3-PGA omitted 0-07 
DPN omitted 0-00 
Enzyme omitted 0-00 
Ethanol omitted 0-06 
1-43 


ATP omitted 


(Expts. 2 and 3). The oxidation of DPNH by 3- 
PGA alone in Expt. 1 may have been due to the 
presence of some ATP in the extract. Expts. 2 and 3 
show more clearly that both ATP and 3-PGA were 
required for TPNH oxidation. 

Carbohydrate synthesis from PGA. The ability of 
extracts to synthesize carbohydrate from 3-PGA in 
the presence of ATP and a source of DPNH is 
shown in Table 9. Omission of any one of the com- 
ponents of the system resulted in markedly reduced 


P. A. TRUDINGER 


1956 


Table 10. Formation of phosphoenolpyruvate 
from 3-phosphoglycerate 


The basic mixture (3 ml.) contained: 0-33% of KCl, 
O-Im tris (pH 7-1), 60 pmoles of 3-PGA and 3-1 mg. of 
enzyme N (Hughes press extract, dialysed for 20 hr. 
against 1% (w/v) KCl at 2°). Incubated for 60 min. at 
30° under O,-free N,. No inorganic phosphate was formed 
and no keto acid could be detected before hydrolysis 


(30 min. at 100° in N-HCl). 
Keto acid 


lodine-labile after 
phosphate hydrolysis 
Changes in system (umole) (zmoles) 
None 0-44 0-31 
30 wmoles of MgCl, 0-99 1-07 
30 zmoles of MgCl, +37 wmoles 0-27 0-27 
of NaF 

0-00 0-00 


No 3-PGA, 30yumoles of MgCl, 


or negligible synthesis. Paper chromatography of 
the hydrolysed phosphate ester fraction, isolated 
from the complete reaction mixture, revealed 
mainly fructose and glucose with a trace of pentose 
and ‘heptulose’. 

Enolase and phosphoglyceromutase. The presence 
of 2- and 3-PGA and PEP among the end products 
of CO, fixation in the presence of R 5-P suggested 
that the extracts used contained phosphoglycero- 
mutase. When crude, dialysed extracts were incu- 
bated with either 3-PGA or 2-PGA there was a 
slow production of iodine-labile phosphate, indi- 
cating the formation of PEP. A typical experiment 
with 3-PGA is shown in Table 10. The reaction 
required Mg** and was inhibited by fluoride. 
Treatment of the supernatants with acid or phos- 
phatase liberated a keto acid which, expressed as 
pyruvate, was equivalent to the iodine-labile 
phosphate formed. The 2:4-dinitrophenylhydrazone 
of the keto acid had the same absorption spectrum 
as that prepared from pyruvate and could not be 
separated chromatographically from pyruvate 2:4- 
dinitrophenylhydrazone with either n-butanol 
saturated with water or n-butanol-ethanol—water. 
The rate of PEP formation from PGA was very low 
in these extracts; the best observed was about 
0-4 »mole of PEP produced/mg. of N/hr. 


DISCUSSION 


This work has shown that extracts of 7’. denitrificans 
contain an enzyme which carboxylates RuDP to 
PGA, the fixed carbon appearing in the carboxy] 
group of PGA. In this respect the enzyme resembles 
that found in some photosynthetic tissues (Weiss- 
bach et al. 1954b). As emphasized by Santer & 
Vishniac (1955), the demonstration of the carboxyl- 
ation reaction in extracts, while suggestive, 
provides no evidence for its role, if any, in the 
utilization of CO, for growth. The demonstration of 
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PGA as the first stable product during CO, fixation 
by whole cells would be a more direct indication of 
the function of the carboxylating enzyme. 

The presence in extracts of 7’. denitrificans of phos- 
phoglycerokinase, triosephosphate dehydrogenase, 
aldolase and hexose diphosphatase is indicated by 
the results reported in Fig. 8 and Table 8. By the 
combined action of these enzymes PGA can be con- 
verted into hexose monophosphate (cf. Table 9). 

The reactions by which pentose phosphate is 
formed from hexose phosphate in a number of 
tissues are described by equations (3), (4) and (5). 
The formation of hexose, heptulose and tetrose 
phosphates from pentose phosphate and the con- 
version of hexose phosphate into a mixture of 
heptulose, tetrose and pentose phosphates are in 
keeping with the presence of transaldolase and 
transketolase in extracts of 7’. denitrificans. It must 
be stressed, however, that neither the heptulose nor 
the tetrose has been identified, and the mechanism 
of their formation cannot be stated with certainty 
until the individual enzymes involved have been 
isolated and characterized. None the less, it is clear 
that, regardless of the mechanism, 7’. denitrificans 
is able to make pentose phosphate from hexose 
phosphate anerobically and without the loss of CO,. 
It is equally clear that this autotroph has enzymes 
capable of synthesizing hexose phosphates from 
CO, by a eyclic mechanism catalysed by pentose 
phosphate. The demonstration of the occurrence of 
a CO,-fixing system in autotrophic bacteria similar 
to that found in the green plant (Calvin, 1955) may 
have considerable phylogenetic significance (cf. 
Elsden, 1955). 

T. denitrificans is incapable of growing on a wide 
range of organic compounds (Baalsrud & Baalsrud, 
1954). Nevertheless, the work presented in this 
paper has shown that this organism contains many 
enzymes common to most heterotrophic organisms 
(see reviews by Racker, 1954; Gunsalus, Horecker 
& Wood, 1955). During the course of this work 
the enzymes glucose 6-phosphate dehydrogenase, 
6-phosphogluconate dehydrogenase, isocitrate de- 
hydrogenase, aconitase, succinate dehydrogenase, 
fumarase and malate dehydrogenase were demon- 
strated in extracts of 7. denitrificans (Trudinger, 
1955, unpublished results). These - observations 
suggest a marked similarity between the internal 
metabolism of 7’. denitrificans and that of many 
plant, animal and bacterial cells. 


SUMMARY 


1. Extracts of the strict chemoautotroph, 7’. 
denitrificans, fixed CO, into the carboxyl group of 
3-phosphoglycerate in the presence of either ribose 
5-phosphate plus adenosine triphosphate (ATP) or 
ribulose 1:5-diphosphate alone. 
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2. The extracts contained phosphoglycerokinase, 
triose phosphate dehydrogenase, aldolase and 
hexose diphosphatase, and synthesized hexose 
phosphates from phosphoglycerate, ATP and 
reduced diphosphopyridine nucleotide. 

3. Ribose 5-phosphate was rapidly metabolized 
in the absence of ATP with the formation of triose 
phosphate, hexose monophosphate and two com- 
pounds which behaved chromatographically as 
heptulose and tetrose phosphates. 

4. The extracts converted hexose diphosphate 
into a mixture of pentose, heptulose and tetrose 
phosphates. 

5. Hexose monophosphate isomerase and enolase 
were also present in the extracts. 

6. It is concluded that 7’. denitrificans is capable 
of synthesizing hexose phosphates from carbon 
dioxide by a cyclic mechanism similar to that found 
in green plants. 

The author wishes to thank those who generously 
supplied materials used in this study, Dr 8. R. Elsden for his 
constant encouragement and advice, and the Australian 
Government for a C.S.I.R.O. overseas studentship. This 
work was aided by a grant from the Rockefeller foundation. 
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Plasma Protein Distribution and Turnover in the Female Baboon 
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The menstrual cycle of the baboon is accompanied 
by periodic variations in the concentration and total 
mass of circulating protein. The available evidence 


indicates that these unusual fluctuations are 


related to the hypertrophy and involution of peri- 
neal tissue which occur in step with the menstrual 
cycle in this species. Thus the mass of circulating 
protein decreases during perineal growth, which 
accompanies the follicular phase of the cycle; with 
the onset of the luteal phase the perineum under- 
goes rapid involution and, at the same time, the 


plasma protein mass increases considerably (Cohen, 
1955). 

The present study employing ™1I-labelled plasma 
protein was undertaken in order to obtain more 
precise information about variations in plasma 
protein distribution and turnover in the adult female 
baboon. The validity of metabolic data obtained 
through the use of iodinated protein has been 
seriously questioned in recent years (Berson, Yalow, 
Schreiber & Post, 1953; Armstrong et al. 1955; 
Masouredis & Beckmans, 1955; Volwiler et al. 1955). 
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However, investigations conducted in this Labora- 
tory have shown that plasma protein iodinated 
according to the method described by McFarlane 
(1956) provides data concerning the distribution and 
elimination of albumin and globulin closely similar 
to that obtained with the corresponding C- 
labelled fractions in both the rabbit (Cohen, 
Holloway, Matthews & McFarlane, 1956) and the 
rat (unpublished observations). 

The use of iodinated protein is advantageous 
since it permits labelling of the animal’s own plasma. 
Moreover, since I liberated by catabolism is 
promptly excreted (Dixon, Bukantz & Dammin, 
1951; Cohen et al. 1956) the rate of plasma protein 
catabolism and the pool size can be estimated 
repeatedly during the course of observation. These 
measurements have proved particularly useful in 
the female baboon, in which rates of plasma protein 
synthesis and catabolism and the size of the ex- 
changeable protein pool alter in step with the 
menstrual cycle. 


METHODS 


Animais 

This investigation was conducted on two mature female 
Chacma baboons (Papio ursinus) known to be at least 8 years 
of age. The premenstrual weights of these animals were 17-1 
and 21-6 kg. respectively. During experiments the baboons 
were separately housed in metabolism cages. Two days before 
the injection of iodinated protein, and throughout the sub- 
sequent period of observation, NaI (100 mg./l.) was added 
to the drinking water. The animals received 100 g. of pelleted 
diet no. 18 (Bruce & Parkes, 1946) and 1-5 kg. of either 
potatoes or carrots daily. 

Urine was collected at 10 a.m. each morning. The grid 
and funnel of the cage were washed down with 500 ml. of 
approximately 0-5n-NaOH, and this was added to the urine. 

Alterations in the size of the perineal swelling character- 
istic of the adult female baboon were plotted by daily 
measurement of the distance between ischial callosities, and 
on this basis the menstrual cycle was divided into two parts 
(Gillman & Gilbert, 1946). The first, referred to as the 
follicular phase, or period of turgescence, commences on 
the first day of menstruation and is characterized by pro- 
gressive enlargement of the perineal swelling. The sub- 
sequent luteal phase is associated with involution of perineal 
tissue and is terminated by the onset of the next menstrual 
period. 

Preparation of material for iodination 


In each experiment the animal’s own plasma protein was 
used for iodination. Whole plasma was obtained by collecting 
6 ml. of blood in 1 ml. of an oxalate solution (1-03 % sodium 
oxalate and 1-09 % ammonium oxalate, w/v). Albumin was 
prepared by fractionation of 300mg. of baboon serum 
protein by zone electrophoresis according to the method 
described by Flodin & Porath (1954) and Porath (1954). The 
column, which consisted of acetylated cellulose (Campbell & 
Stone, 1956), was 40 cm. long and 2-5 cm. in diameter, and 
was surrounded by a jacket through which water at 2° was 
circulated. A borate buffer (0-0115m-Na,B,O, and 0-0155M- 
NaH,PO,, pH 8-6) was used. The electrophoresis was 
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carried out at 22 ma, which required about 450v. Cooling of 
the column was maintained during collection of 3 ml. 
volumes of eluate (12 ml./hr.) on a fraction collector. The 
albumin peak was located by measurement of ultraviolet 
absorption at 280 my. The solution containing albumin was 
pooled and reduced to a volume of 3 ml. by pressure dialysis 
(10 lb./sq.in.) against 0-9% NaCl at 4°. A specimen of 
albumin (90 mg.) containing 4% of «,- and «,-globulins as 
estimated by paper electrophoresis was obtained by this 
procedure. 


Method of iodination 


Plasma protein labelled with !*1I was prepared according 
to the procedure described by McFarlane (1956). A volume 
(3 ml.) of plasma (150-250 mg. of protein) or albumin 
solution (90 mg. of protein) was mixed immediately before 
iodination with 1-5 ml. of glycine buffer [0-6 g. of glycine 
dissolved in 8 ml. of 5-85 % NaCl (w/v) and 2 ml. of n-NaOH, 
pH 9-3]. The required amount of carrier-free 1*!I-iodide was 
added to 0-1 ml. of a solution containing 0-40 mg. of NaI and 
0-15 mg. of NaIO,. Iodine was liberated from this solution 
by the addition of one drop of N-HCl immediately before jet 
mixing with protein. The iodinated protein solution was 
transferred to an Amberlite IR4B column, previously 
buffered with histidine at pH 6-5 and saturated with NaCl. 
The final iodinated protein solution was collected from the 
column in a volume of approximately 6 ml.; less than 1-5 % 
of the total radioactivity was present in the supernatant 
after precipitation of protein with 10% of trichloroacetic 
acid (TCA) at 20°. There was 15-20% of the initial radio- 
activity used bound to protein. When whole plasma was 
iodinated the relative specific activities of fractions separ- 
ated by zone electrophoresis were albumin 100, «,-globulin 
23, «_-globulin 20, 8-globulin 30, y-globulin 35. 


Injection of labelled protein 


Between 0-08 and 0-15 g. of labelled plasma protein in 
5 ml. was injected into the antecubital vein. The washings 
from syringe, needle and vessel, which had contained 
exactly 5 ml. of the solution, were collected and suitably 
diluted for counting. The proportion of the measured 
volume which had not been injected was thus ascertained, 
and the dose administered determined by difference. 


Blood samples 
Five minutes after injection 3-5 ml. of blood was with- 
drawn from the opposite antecubital vein into 0-05 ml. of 
heparin solution (1000i.u./ml.). Similar blood samples 
were collected at intervals of 1-3 days throughout the 
period of observation. 


Preparation of protein samples for counting 


Total plasma protein. Samples of plasma (0-1—0-5 ml.) 
were diluted to 3 ml. with 0-9 % NaCl (w/v) for 14I counting. 

Salt fractionation: Fibrinogen. Samples of plasma 
(1-3 ml.) were diluted to 5 ml. with 0-9% NaCl. Fibrinogen 
was twice precipitated by addition of 27% (w/v) aqueous 
Na,SO, solution to give a concentration of 10%. The second 
precipitate was dissolved in about 15 ml. of 0-9% NaCl. 
Approximately 0-05 ml. of 0-5 % (w/v) protamine sulphate 
and 0-05 ml. of 0-5% (w/v) thrombin were added and 
clotting was induced by incubation at 37° for 0-5 hr. The 
fibrin clot was collected on a glass rod and washed in 0-9% 
NaCl and then in water. Finally, the fibrin was dissolved 
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in 1 ml. of N-NaOH and made up to 3 ml. with water for 
counting. Globulin was precipitated from the supernatant 
at 10% of Na,SO, by the addition of 27% Na,SO, to give 
a final concentration of 18% of Na,SO,. The precipitate was 
dissolved in 5 ml. of 0-9% NaCl and reprecipitated in 18% 
Na,SO,. This second precipitate was dissolved in 3 ml. of 
0-9% NaCl for counting. Albumin present in 3 ml. of the 
supernatant at 18% of Na,SO, was used for 1I counting. 
Electrophoretic analysis revealed that globulin fractionated 
by the method given above contained predominantly B- and 
y-globulins, and «-globulin and albumin comprised about 
10% of the total. The albumin fraction contained 25-30% 
of «,- and «,-globulins. 

Zone electrophoresis. Samples of serum obtained after 
injection of labelled albumin were fractionated by electro- 
phoresis on a cellulose column under the conditions described 
above for the preparation of albumin. During electro- 
phoresis of these samples the column was cooled with 
circulating tap water. The ultraviolet absorption of 3 ml. 
volumes of eluate collected on the fraction cutter were 
determined at 280 mp. Four tubes containing the albumin 
were pooied and protein was precipitated at a concentration 
of 10% of TCA at 80°. This precipitate was centrifuged 
down, dissolved in 1 ml. of N-NaOH and finally made up to 
3 ml. with water for counting. 


Analytical methods 


Protein estimations. These were done on measured 
fractions of solutions used for !*4I counting, according to the 
biuret method of Gornall, Bardawill & David (1949). 

Measurement of radioactivity. Solutions were measured by 
scintillation counting, with a Nal crystal in conjunction 
with an 11-stage electron multiplier. The crystal had a 
central well to hold 3 ml. in a glass tube, and measured 
y-radiation with an efficiency of 33%. The maximum error 
of counts recorded in this study is +3%. 

Moving-boundary electrophoresis. Electrophoresis was 
carried out in a Tiselius apparatus with a buffer containing 
0-15mM-NaCl and 0-05m sodium barbitone adjusted to 
pH 8-6 by addition of n-HCl (7-4 ml./l.). The proportion of 
each component was determined from the descending 
pattern by constructing symmetrical curves for each peak 
(Svedberg & Pedersen, 1940). 

Paper electrophoresis. Paper electrophoresis was per- 
formed on hanging strips of Whatman filter paper no. 1 
according to the method described by Flynn & de Mayo 
(1951). A veronal buffer (0-05m, pH 8-6) was used. The 
strips were stained with azocarmine without previous 
drying. An EEL scanner (Evans Electroselenium Ltd., 
Harlow, Essex) with a green filter was employed for the 
photometry of stained paper strips. 

Ultracentrifugal analysis. Protein solutions were dialysed 
against a buffer containing 0-01mM-Na,HPO,, 0-04m- 
KH,PO, and 0-40m-NaCl (pH 5-9) and examined in a 
Spinco analytical centrifuge. 

Analysis of perineal tissue. At intervals during the course 
of two experiments the volume of the perineal swelling was 
determined in the anaesthetized baboon by means of a 
plaster cast, as previously described (Cohen, 1955). An 
injection (3-0 ml.) of a 0-3% (w/v) solution of Evans Blue 
(T1824 British Drug Houses Ltd., Poole) was then made 
intravenously. Five minutes later a blood sample was taken 
and a wedge of tissue 2-3 in. in depth and weighing 3-5 g. 


was excised from the perineal swelling approximately half- 
way between the mid-line and the lateral margin. The skin 
of this biopsy sample was removed, and the underlying 
gelatinous connective tissue used for analysis. 

A portion of the biopsy sample was cut into segments of 
approximately 2-4 mm.?, and within 10 min. of removal was 
centrifuged (1500 rev./min. at 2°) for about 0-5 hr. By this 
means a straw-coloured fluid comprising about 40% of the 
volume of the sample was obtained. The plasma content of 
this fluid was determined by comparing the concentration of 
Evans Blue in the sample with that in plasma withdrawn at 
the time of biopsy. Evans Blue was estimated by light- 
absorption at 620my. Since the perineal fluid always 
contained less than 0-5% of plasma, the radioactivity and 
protein content of a sample of perineal fluid were regarded as 
providing a measure of the specific activity (uc/mg.) of 
perineal extravascular plasma protein (P). 

The volume of a portion of the biopsy specimen was 
measured after centrifuging in a graduated tube. This 
sample was dissolved in 0-1N-NaOH and its protein content 
and radioactivity were determined. The blood content of 
another tissue slice of known volume was estimated by the 
method of Gordon & Nurnberger (1955). These determina- 
tions, in conjunction with the measurement of perineal 
volume, provided estimates of total protein (A), total radio- 
activity (B) and total blood content (C) of the perineal 
connective tissue. The radioactivity of blood (wc/ml.) with- 
drawn at the time of biopsy was measured (D). The total 
quantity of plasma protein present in the extravascular 
tissue of the perineum (2) was calculated from 


E=(B-CxD)/P. 


The non-plasma protein of the perineum was equal to 
(A — £). The mass of plasma protein present in tissues other 
than the perineum (J) was calculated from 


J =([F -(@ + B)]/H, 


where F is the dose of !*1I administered, G is the cumulative 
excretion of J, and H is the specific activity of plasma 
protein at the time of biopsy. 

On the 11th day after injection of 1I-labelled albumin a 
sample of perineal fluid was fractionated by zone electro- 
phoresis and the specific activity of the albumin fraction 
determined. The total quantity of extravascular albumin in 
the perineum was calculated as above. 

Calculation of catabolic rate and pool size. Three daily 
samples of faeces collected at intervals after the injection of 
iodinated plasma were found to contain 1-4-3-0% of the 
131[ present in the corresponding 24 hr. sample of urine. The 
daily excretion of I is given by 


24 hr. urinary ™ 1 +3%. 
The 1*'[ retained in the body is given by 


dose of 141] — (cumulative excretion of 11 
+4311 removed in blood samples). 


The percentage of the pool catabolized/24 hr. is given by 
100 x daily 111 excretion/!*4I retained. 
The exchangeable protein pool (g.) is given by 


131T retained (c)/plasma protein specific activity (yc/g.). 
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Table 1. Elimination of ™I from plasma and urine during the initial 100 hr. after injection 
of iodinated plasma protein 
(2) 
(1) Urinary 
Plasma protein excretion (3) 
Perineal specific activity of 15°[ at Plasma 
Baboon Wt.* measurementt Dose of }*1I at 100 hr. 100 hr. protein pool 

- (kg.) (in.) (uc) (%) (%) (g.) 
321 17-1 11 558 33-5 25-4 130 
15 416 18-0 22:8 154 

351 21-6 113 195 32-5 22:5 128 
15 425 17-5 24-6 150 


* Weight during perineal resorption. 
+ Perineal measurement on the day of injection. 


(1) Plasma protein specific activity at 100 hr. x 100. 


Plasma protein specific activity at 5 min. 


Total '!I excreted in urine at 100 hr. 
(2) ms x 100. 


Dose of 181 administered 


(3) Calculated from the dose of #*4I administered divided by the zero time extrapolation value of the slow decay curve 


of plasma specific activity. 


RESULTS 
Results obtained with ™11-labelled plasma protein 


Effect of perineal size on the initial elimination of 
81 from plasma and urine. ™1I-Labelled plasma 
protein was administered to both baboons during 
the phase of perineal involution; 3—9 months later 
each received a second dose of labelled protein on the 
8th-9th day of perineal turgescence (Table 1). 

The first blood sample was taken 5 min. after 
injection. In each experiment the specific activity of 
plasma protein (yc/mg. of protein) showed an 
initial rapid fall followed by a slower rate of decay. 
In both animals the decline of specific activity of 
plasma protein over the firsi 4 days was more rapid 
during perineal turgescence than during the luteal 
phase of the cycle (Fig. 1). Thus the proportion of 
labelled protein retained in the circulation 100 hr. 
after injection was 33 % during perineal resorption 
and only 18% during turgescence (Table 1). The 
urinary excretion of I, on the other hand, was 
constant during both phases of the cycle (22-4— 
25-4 % of the dose after 100 hr.). 

These facts indicate that the rapid initial elimina- 
tion of 1I from plasma during the follicular phase 
results from dilution of labelled molecules by an 
enlarged protein pool. From the dose administered 
and the extrapolation to zero time of the curve of 
the slow decay of the plasma protein the size of the 
exchangeable protein pool was estimated to be 128 
and 130 g. during perineal resorption and 150 and 
154 g. on the 8th—9th day of perineal hypertrophy. 

Variations in the plasma and urinary elimination 
of 11 during the course of the menstrual cycle. The 
plasma and urinary elimination of ™!I were 
followed in two baboons for a period of 7 weeks after 
injection of iodinated protein. One of these animals 
received 558 yc of 1*1I-labelled plasma 4 days before 
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injection of iodinated plasma protein. Baboon 321: 
@, 558 uc injected during complete perineal involution; 
@, 416 uc injected on seventh day of perineal turgescence. 
Baboon 351: O, 195 yc injected during complete perineal 
involution; [), 425 yc injected on ninth day of perineal 
turgescence. Plasma protein specific activity expressed 
as a percentage of the value at 5 min. after injection. 





the onset of menstrual bleeding (Fig. 2). During the 
first 3 days the usual rapid decline in the specific 
activity of the plasma protein was observed. This 
was followed during the remainder of the follicular 
phase by a slower, approximately constant, ex- 
ponential rate of decay. Globulin (¢,, 12 days) was 
eliminated more rapidly than albumin (¢,, 16 days), 
and fibrinogen far more rapidly than either (4, 
3 days). The rate of plasma protein synthesis calcu- 
lated from the apparent half-life of total plasma 
protein [0-693/t, (days) x 100] was 5-1% of the 
pool/day. The rate of catabolism estimated from 
Bioch. 1956, 64 
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24-hourly urinary excretion of !*1I was 1-9-4:3 % of 
the pool/day. The total pool size increased pro- 
gressively from 117g. at the onset of menstrual 
bleeding to 192 g. at the end of perineal turgescence. 

With the onset of perineal involution the specific 
activity of the plasma protein rose slightly and then 
diminished for a period of 4 days. Between the fifth 
and twelfth days of the luteal phase the decay of 
plasma radioactivity ceased and the specific activity 
of total protein varied by less than 1% in five 
successive estimations made during this time. The 
decay curves of albumin and globulin did not follow 
identical patterns, but in general elimination rates 
of both were considerably slower than those observed 
during perineal turgescence. These results indicate 
that the rate of synthesis of plasma protein is 
considerably reduced or even completely inhibited 
during the latter part of perineal involution. The 
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Fig. 2. Plasma protein turnover during the baboon 
menstrual cycle. 1J-Labelled plasma (558 yc) was 
injected 4 days before the onset of menstrual bleeding, (71. 
For method of making perineal measurement and for 
calculation of pool size and rate of plasma protein cata- 


bolism, see text. 
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rate of catabolism calculated from the excretion of 
iodide (2-6—-3-4 % of the pool/24 hr.) rose above the 
level observed during the latter 2 weeks of turg- 
escence. Between the fifth and twelfth days of the 
luteal phase the pool size diminished progressively 
from 195 to 154 g. It will be observed from Fig. 2 
that the pool size at the beginning of the experiment 
was 117 g.; at the end of the experiment, when a 
comparable stage of perineal involution had been 
reached the apparent pool size was 154g. The 
significance of this discrepancy is discussed below. 
In a second experiment the other baboon 
received 425 yc of 14I-labelled plasma protein on 
the ninth day of perineal turgescence. The elimina- 
tion of isotope from plasma and urine was followed 
during the remainder of that menstrual cycle and 
the initial 18 days of the next (Fig. 3). The results 
were similar to those described above (Table 2). The 
specific activity of the plasma protein again decayed 
exponentially during perineal hypertrophy. The 
estimated rate of synthesis exceeded that of cata- 
bolism and the pool size increased by 43-5 g. and 
55-5 g. during the first and second follicular phases 
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Fig. 3. Plasma protein turnover during two consecutive 
menstrual cycles in the baboon. 1I-Labelled plasma 
(425 uc) was injected on the ninth day of the cycle. 
Menstrual bleeding, (4. For method of making perineal 
measurement and for calculation of pool size and rate of 
plasma protein catabolism, see text. 
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Table 2. Turnover rates of total plasma protein and albumin alone during the phases of 
perineal hypertrophy and involution in the female baboon 
See text for methods of calculating rates of synthesis and catabolism and plasma protein pool size. 
Perineal hypertrophy Perineal involution 
——— queen SEES = a om —_ —_A. 5 
Synthesis 
% of Catabolism Alteration of Synthesis Catabolism Alteration of 
Fig. 131] labelled pool/ (% of pool/ pool size (% of pool/ (% of pool/ pool size 
no. protein 24 hr.) 24 hr.) (g.) 24 hr.) 24 hr.) (g.) 
2 Whole plasma 5-0 1-9-4-3 +75 0 -55 2-6-3-4 -41 
3 Whole plasma 5-5* 1-7-4-0* + 55-5* 1-4-6-0 3-8-6-3 — 44-5 
8 _ Albumin 6-4 3-3-6-0 +11 2-6-4-0 2-4-14-4 -13 


* Calculated from results obtained during second turgescent phase of experiment shown in Fig. 3. 


Plasma 








Perineal fluid 
Fig. 4. Sedimentation boundary diagrams of plasma and 
perineal fluid proteins. Samples obtained on seventeenth 
day of perineal turgescence. Protein concentration of 
samples (g./100 ml.): plasma, 1-20; perineal fluid, 1-25. 
Measurements were made at 996 rev./sec. and at approxi- 
mately 20°. Time after full rotor speed, 128 min. 


respectively. The rate of catabolism estimated from 
the urinary excretion of I increased during 
perineal involution, and the rate of decay of the 
specific activity of total protein diminished con- 
siderably between the ninth and thirteenth days of 
the luteal phase; during this time the pool size 
decreased from 201 to 156 g. A discrepancy in pool- 


Plasma 


i 


<_—_- —- 
Ascending Descending 


eee ee 


Perineal fluid 










Fig. 5. Electrophoretic diagrams of ascending and de- 
scending boundaries of plasma and perineal fluid. 
Tiselius apparatus. Protein concentration (g./100 ml.): 
plasma, 1-47; perineal fluid, 1-22. Plasma, 360 min., 
perineal fluid, 430 min., after the beginning of migration. 
Samples obtained on seventeenth day of perineal turg- 
escence. For details of buffer, see text. 


size estimation similar to that referred to in the 
previous experiment was again evident. Thus during 
the pre-menstrual phase of complete perineal 
resorption, which occurred after 3-4 weeks of 
observation, the pool size varied between 156 and 
162 g., whereas the initial pool size in the same 
baboon previously injected during perineal involu- 
tion was only 128 g. (Table 1). 

Analysis of perineal protein. Information about 
the relationship between plasma and _ perineal 
proteins has been obtained by analysis of three 
successive samples of perineal tissue excised from 
a baboon which received 416yc of 1I-labelled 
plasma protein on the seventh day of the cycle. 
Centrifuging perineal tissue according to the method 
described above yielded a straw-coloured, some- 
what viscous fluid comprising 30-40 % of the volume 
of the tissue and containing less than 0-5% of 
plasma as determined by the content of Evans blue 
injected 5 min. before biopsy. The protein concen- 
tration of three samples of perineal fluid obtained at 
intervals during turgescence was 20-23 mg./ml., 
and the corresponding plasma samples contained 
52-53 mg. of protein/ml. The same electrophoretic 
and ultracentrifugal components were present in 
perineal fluid and plasma (Figs. 4, 5); however, the 
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‘ugal analyses of perineal fluid and plasma 


were withdrawn on the seventeenth day of perineal turgescence, 


Electrophoretic analysis % (and mobility+) 





po ‘i 
Protein* Globulins 

concn. —_—_—_—— . — ~ 

(mg./ml.) Albumin Oy” oy p- yy 

Plasma protein 52-53 33-9 8-5 19-9 17-0 20-7 
( -6-0) (-4:8) (-3-9) e)) (- 1-2) 

Perineal fluid protein 20-2% 42:3 5:7 17-5 17-0 17-5 
( -5:8) (-4-9) (-4-0) (-3-1) ( - 1-2) 


Ultracentrifugal analysis 





y 

Soot 

Plasma protein 3°77 
Perineal fluid protein 3-83 


* Range in three successive samples. 


t Sy) values corrected to water at 20°. Partial specific 


7 a =“ 
% of total 


% of total Soot 
80-9 5°69 19-1 
87-8 5°85 12-2 


f 10° cm.?/v/sec. 
volume of protein taken as 0-749. Protein concentration of 


samples analysed by ultracentrifuging: plasma, 1-20%; perineal fluid, 1-25%. 


proportion of albumin and of the more slowly sedi- 
menting ultracentrifugal component was somewhat 
lower in plasma (Table 3). 

Specific activity of plasma and perineal fluid 
protein. The first biopsy of perineal tissue was taken 
5 min. after injection of the labelled plasma. At 
this time the specific activity of the protein of 
perineal fluid was less than 1 % of that of the plasma 
protein; this degree of labelling was attributed to 
the plasma present in the perineal fluid sample. 
Four days later the specific activity of the protein of 
perineal fluid had increased above that of plasma 
(Fig. 6). On the tenth day the specific activity of 
the perineal fluid was 1930 and that of plasma 
1340 »pc/mg. of protein. Specific activities of both 
albumin and globulin (separated by Na,SO, 
fractionation) were greater in perineal fluid than in 
plasma. However, fractionation by zone electro- 
phoresis revealed that the specific activity of 
albumin was closely similar in both fluids on the 
tenth day of the experiment, and the specific 
activities of all globulin fractions were higher in 
perineal fluid than in plasma (Fig. 7). 

Protein content of perineal swelling. The relative 
specific activities of plasma and perineal fluid 
proteins and their electrophoretic and ultracentri- 
fugal identity indicate that all the protein present in 
perineal ‘fluid is derived from the plasma. It is 
possible by analysis of perineal tissue to estimate the 
total extravascular plasma protein content of 
perineal connective tissue (see Methods). In the 
baboon subjected to repeated biopsy the volume of 
the perineum increased from 1590 to 3080 ml. and its 
total protein content rose from 53 to 101 g. between 
the seventh and seventeenth days of the follicular 
phase (Table 4). On the eleventh day the perineum 
contained 74 g. of total protein, of which 36 g. was 
extravascular plasma protein. Six days later an 


additional 27 g. of protein had accumulated in the 
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Fig. 6. Protein specific activities of plasma (continuous 
lines) and perineal fluid (broken lines). 11J-Labelled 
plasma protein (416 uc) was injected on seventh day of 
perineal turgescence. Albumin and globulin were 
fractionated by Na,SO, (see text). Samples of perineal 
fluid were obtained 5 min., 96hr. and 240hr. after 
administration of the labelled protein. The protein of 
extravascular perineal fluid was unlabelled at 5 min. 
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Fig. 7. Specific activities of plasma and perineal fluid proteins. 11'I-Labelled plasma protein (416 uc) was injected on 
seventh day of cycle. Samples withdrawn on seventeenth day of cycle and fractionated by zone electrophoresis 
(see text). Fractions used for specific activity determinations were concentrated by pressure dialysis, and analysed 


by paper electrophoresis. 


perineum, and 15g. of this consisted of extra- 
vascular plasma protein. At the same time the 
amount of plasma protein present in tissues other 
than the perineum diminished by 10 g., so that the 
total pool increased by 15 g. It is apparent from 
Fig. 6 that from the fourth day of the experiment the 
average specific activity of protein in the total pool 
is higher than that in plasma alone. Estimates of 
pool size based on the specific activity of plasma 
samples are therefore erroneously high (Table 4). 


Results obtained with ™I-labelled albumin 


131T-Labelled albumin (522 1c) prepared ‘by zone 
electrophoresis was administered to one of the 
baboons on the sixth day of turgescence and obser- 
vations were continued throughout the menstrual 
cycle (Fig. 8). From the second day after injection 
and for the remainder of the follicular phase the 
specific activity of plasma albumin declined at an 
approximately constant exponential rate corre- 
sponding to 6-4% of the exchangeable albumin 
pool/24 hr. The rate of catabolism calculated from 
81] excretion was 3-3-6:0 % of the pool/24 hr. The 
rate of aibumin synthesis consistently exceeded 


that of catabolism, and the pool size increased from 
53 g. on the eighth day to 64 g. on the fifteenth 
day of the cycle. On the eleventh day after in- 
jection of the isotope, analysis of a sample of perineal 
tissue revealed that the specific activity of perineal 
fluid albumin corresponded exactly with that of 
plasma albumin. The volume of the sexual swelling 
at the time of biopsy was 3750 ml.; the size of the 
total exchangeable albumin pool was 62 g., and 
39 g. of albumin was present in the extravascular 
tissue of the perineal swelling. The biopsy was 
followed by an increased rate of 1*1I excretion. This 
postoperative catabolic effect appears to be of 
brief duration since, in another baboon which 
received iodinated plasma, the urinary excretion of 
131T returned to the pre-operative level on the third 
day after biopsy (Fig. 9). 

With the onset of perineal involution the rate of 
decline of the specific activity of plasma albumin 
diminished considerably (4:0 % for 7 days and then 
2-6 % of the albumin pool/24 hr.). The rate of cata- 
bolism estimated from 1I excretion rose to 14:4 % 
of the albumin pool/24 hr. on the first day of the 
luteal phase, declined rapidly to 3% by the seventh 
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The perineal swelling of the female baboon consists 
essentially of connective tissue. During turgescence 
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Fig. 9. Effect of perineal biopsy upon rate of plasma 
protein catabolism. 1'J-Labelled plasma protein was 
injected on seventh day of perineal turgescence. Perineal 
biopsy was performed on the fourth day of the experi- 
ment. For method of calculating rate of catabolism, see 
text. 


from the ground substance of perineal connective 
tissue. The electrophoretic and ultracentrifugal 
components of perineal fluid are similar to those of 
plasma. The ultracentrifugal fraction, thought to be 
a mucoprotein which has been observed in fluid 
expressed from the swollen sex skin of the rhesus 
monkey (Ogston, Philpot & Zuckerman, 1939), was 
not evident in perineal fluid examined under the 
conditions described above. These observations in 
the baboon suggest that perineal fluid proteins are 
derived from plasma protein; this view is confirmed 
by comparison of the specific activities in plasma 
and perineal fluid proteins after the intravenous 
injection of 1°4J-labelled protein (Figs. 6, 7). 

During the premenstrual phase of the cycle the 
resorbed perineal swelling contains 20-30 g. of 
protein; approximately 50 g. of additional protein 
is deposited in perineal connective tissue during 
turgescence (Cohen, 1955). In the present tracer 
experiments the mass of extravascular perineal 
plasma protein has been estimated on the basis of 
the total *1I content of the swelling, the assumption 
being that the specific activity of plasma protein 
throughout the swelling is the same as that of 
perineal fluid protein. These estimations indicate 
that about 4g. of protein accumulates in the 
turgescent perineum/day, and this increment con- 
sists almost exclusively of extravascular plasma 
protein which may or may not be partly intra- 
cellular (Table 4). 

Comparison of the specific activities of plasma 
and perineal fluid proteins after injection of ™1I- 
labelled plasma indicates that perineal protein 
derived from plasma continues to exchange with 
circulating protein during growth of the sexual 
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swelling (Fig. 6). The exchange of albumin is 
sufficiently rapid to maintain equilibrium, as shown 
in two experiments in which the specific activities 
of plasma and perineal fluid albumin separated by 
electrophoresis were identical 10 and 11 days after 
injection of the isotope (Figs. 7, 8). The specific 
activities of perineal globulin fractions, on the other 
hand, were higher than those of plasma on the 
tenth day after injection of labelled plasma (Fig. 7). 
This suggests that plasma and perineal globulins 
exchange relatively slowly ; with the progress of the 
experiment the specific activity of perineal globulin 
at any time is equivalent to that of plasma globulin 
some days previously. 

Hypertrophy of the perineum is associated with 
a decrease in the mass of circulating protein (Cohen, 
1955). The present tracer experiments indicate that 
at the same time the total plasma protein pool 
increases considerably in size. Thus the association 
of a turgescent perineum with a relatively rapid 
initial elimination of ™I from the circulation 
presumably results from dilution of labelled mole- 
cules by an enlarged protein pool, since the initial 
urinary elimination of the isotope does not alter 
with the state of the perineal swelling (Fig. 1). 
However, the extent to which the total plasma 
protein pool alters in size during the course of the 
menstrual cycle has not been accurately determined. 
Pool-size values calculated by extrapolation of the 
curve of slow plasma decay to zero time (Table 1) 
are based on the doubtful assumption that through- 
out the process of equilibration a constant propor- 
tion of the labelled molecules retained in the body is 
degraded per unit time (Cohen e¢ al. 1956). Measure- 
ments based upon the 4I content of the body and 
the specific activity of the plasma protein at the 
same time provide unduly high values (Table 4) 
because, with the progress of the experiment, the 
specific activity of extravascular exchangeable 
protein exceeds that of plasma protein (Fig. 6). 
Thus in experiments in which whole labelled plasma 
was injected, plasma samples provide an under- 
estimate of the average specific activity of the 
exchangeable protein pool, and the apparent pool 
size does not return to the initial value observed 
during perineal resorption. With the labelled 
albumin alone, however, specific activity is uniform 
in the intra- and extra-vascular compartments; 
pool-size estimations therefore appear to be 
accurate for this fraction, and indicate that the mass 
of exchangeable albumin increases by about 1 g./ 
day during turgescence (Fig. 8). 

Rates of synthesis of plasma protein in the baboon 
have been calculated in the conventional manner 
from plasma "J elimination curves (Sterling, 1951). 
The exponential rates of decay of plasma protein 
which have been deduced from the available data 
are somewhat arbitrary, especially during the phase 
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of perineal involution (see Figs. 2, 3 and 8); calcu- 
lated rates of synthesis of plasma protein (Table 2) 
must therefore be regarded as approximate. The 
specific activity of globulin is not uniform through- 
out the exchangeable pool, even at 10 days after the 
injection of labelled plasma. Plasma protein decay 
curves are consequently influenced in these experi- 
ments not only by the rate of protein synthesis, but 
also by the return into the circulation of globulin of 
relatively high specific activity. The estimated rate 
of synthesis is therefore probably too low; however, 
since about 80 % of }°1I in labelled plasma is bound 
to albumin, the error is probably small. During 
perineal turgescence the apparent rate of synthesis 
exceeds that of catabolism calculated from ™I 
excretion. During perineal involution the rate of 
decline of plasma specific activity is reduced and is 
slowest during the latter half of the luteal phase. 
The progressive decrease in the pool size that occurs 
during this time would tend to accelerate the decline 
of plasma specific activity if the mass of plasma 
protein synthesized per unit time were constant. 
There appears to be no doubt, therefore, that 
synthesis of plasma protein is reduced during 
perineal involution. At the same time the apparent 
rate of protein catabolism calculated from the 
excretion of !°1J rises above that observed during the 
first half of the cycle. However, the significance of 
this increase is uncertain in the animals which 
received iodinated whole plasma, since it might 
have resulted, in part, from the catabolism of 
globulin having a relatively high specific activity 
and derived from involuting perineal tissue. 


SUMMARY 


1. The menstrual cycle of the baboon is associated 
with marked alterations in the size and protein 
content of the perineal swelling. The distribution and 
turnover of ™1J-labelled plasma protein alters in 
step with the periodic growth and involution of this 
tissue. 

Z. During the follicular phase of the cycle the 
volume of the perineal swelling increases by about 
3 |. and its protein content by approximately 60 g. 
After the intravenous injection of tracer doses of 
iodinated plasma, or albumin alone, the specific 
activity of circulating protein declines at an approxi- 
mately constant exponential rate throughout 
perineal turgescence. Protein synthesis, calculated 
from plasma specific activity curves, exceeds 


catabolism estimated from the excretion of #11; and 
the exchangeable protein pool increases in size. 

3. Comparison of the specific activities of plasma 
and perineal tissue fluid, as well as the results of 
electrophoretic and ultracentrifugal analyses, indi- 
cates that the protein which accumulates in the 
turgescent 


perineum consists of extravascular 
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plasma protein which is probably lodged pre- 
dominantly in connective-tissue ground substance. 

4. The extravascular plasma protein of the 
perineum continues to exchange with circulating 
protein during growth of the perineal swelling. 
After equilibration the specific activities of plasma 
and perineal fluid albumin remain identical. 
Globulin fractions, on the other hand, attain a 
higher specific activity in perineal fluid, so that 
calculations of pool size based on the specific 
activity of total plasma protein are erroneously high. 

5. During perineal involution the decline of the 
specific activity of plasma protein is very much 
slower than during the first half of the cycle, indi- 
cating areduced rate of synthesis of plasma protein. 
At the same time, the size of the exchangeable 
plasma protein pool becomes progressively smaller. 


The author is indebted to Dr A. 8. McFarlane for his 
critical interest in this work, to Drs A. H. Gordon and 
Christine Matthews for much helpful discussion and to 
Miss D. Parr, Mrs J. Billinghurst and Mr D. Hart for 
assistance. Professor J. Gillman, Physiology Department, 
Medical School, Johannesburg, kindly supplied the baboons 
used in this study, which was carried out during tenure of 
a Nuffield Dominion Fellowship in Medicine. 
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The Lactic Acid Oxidase of the Mycobacteria 


By F. B. COUSINS 
Travis Laboratory, Department of Biochemistry, Medical School, University of Otago, New Zealand 


(Received 28 December 1955) 


Although most of the mycobacteria can oxidize 
lactate, the rate of oxidation varies considerably 
from one species to another (see Edson, 1951). An 
aerobic dehydrogenase catalysing the overall re- 
action (1) was originally extracted from Myco- 
bacterium phlei (Edson, 1947). The enzyme was 
specific for the oxidation of L-lactate and did not 
oxidize pyruvate or acetate. 
CH,.CH(OH).CO,H + O, 
=CH,.CO,H+CO,+H,O. (1) 
Anaerobically, with methylene blue as hydrogen 
acceptor, the crude enzyme preparation oxidized 
lactate to pyruvate. Since partially purified 
enzyme preparations contained flavin-adenine 
dinucleotide (FAD), it seemed that the enzyme 
might be a flavoprotein (F) operating as follows: 
CH,.CH(OH).CO,H+F 
=CH,.CO.CO,H+FH,, (2) 
FH,+0,=F+H,0,, (3) 
CH,.CO.CO,H + H,O, 
=CH,.CO,H+CO,+H,O (4) 
(non-enzymic). 
Edson (1947, 1951), however, pointed out that 
further purification would be needed before this 
hypothesis could be tested satisfactorily. A later 
report showed that the purified enzyme was not a 
typical flavoprotein (Edson & Cousins, 1953). 

Since lactate-oxidizing enzymes resembling the 
enzyme of Myco. phlei have been extracted from 
Mycobacterium smegmatis, Mycobacterium tubercu- 
losis var. hominis, Mycobacterium tuberculosis var. 
bovis (strain BCG) and Mycobacterium avium 
(Geronimus, Gray & Birkeland, 1949; Yamamura, 
Kusunose & Kusunose, 1952; Andrejew, 1954), it is 
likely that the enzyme is a constituent of all myco- 
bacteria. Its presence in other organisms has not 
been reported, but a lactic oxidase extracted from 
Lactobacillus delbruckii is known to require FAD 
and free riboflavin as cofactors (Hager, Geller & 
Lipmann, 1954). 

The purpose of the work described in this paper 
was to study the properties of the purified enzyme. 
Of the three species examined Myco. smegmatis 
proved to be the richest and most convenient source 
of the enzyme. After this work was completed 
Sutton (1954) described an extensive purification of 
the enzyme extracted from Myco. phlei. 


MATERIALS AND METHODS 


Organisms. Myco. smegmatis (no. 523), Myco. phlei 
(no. 525) and Myco. stercoris (no. 3820) were obtained from 
the National Collection of Type Cultures, now at the Central 
Public Health Laboratory, Colindale Avenue, London, 
N.W. 9. They were grown on beef-infusion broth containing 
5% (v/v) of glycerol at 38°, harvested on the fifth day of 
incubation and washed with water either by centrifuging 
four times or by filtering on a Biichner funnel. 

Cell-free extracts. Myco. phlei. A dry powder was pre- 
pared by desiccation in vacuo after repeated extraction with 
cold acetone (about 0°). Approx. 9 g. of powder was mixed 
into a smooth paste with 40 ml. of 0-05 phosphate buffer, 
pH 6-5, and crushed for 3 hr. in the bacterial mill (Booth & 
Green, 1938). The mill was flushed out with the same volume 
of buffer and the washings were added to the extract. The 
gross cellular debris was removed by centrifuging in the cold 
room for 1 hr. at 4500 g, and further clarification achieved 
by centrifuging at 18000 g for 15 min. The debris could be 
re-extracted profitably with a further 40 ml. of buffer, 
which was clarified in the same way. The total yield was 
90-100 ml. of a deep-yellow solution free from particulate 
matter but showing a pronounced Tyndall effect. 

Myco. stercoris was disrupted by shaking 4 g. (wet wt.) of 
bacteria, 4 g. of ballotini glass beads (no. 12) and 1 ml. of 
0-1m phosphate buffer, pH 7-4, in a vibrator (H. Mickle, 
Hampton, Middlesex) operating for 30 min. in the cold 
room. The creamy mass was diluted with an equal volume of 
water and solid debris removed by centrifuging at 4500 g for 
0-5 hr. A yellow opalescent solution was obtained. 

Myco. smegmatis (10 g. wet wt. of bacteria suspended in 
sufficient 0-05m phosphate buffer, pH 7-0, to give a total 
volume of 25 ml.) was disintegrated in a Raytheon 9 keyc. 
sec. sonic oscillator for 30 min. The temperature of the 
suspension was kept between 0° and 1° by placing the 
apparatus in the cold room and circulating ice-water 
through the cup assembly at the rate of 1800 ml./min. The 
resulting suspension was diluted with an equal volume of 
water and clarified by centrifuging at 18000 g for 15 min. at 
0°. The clear, orange-coloured supernatant showed astrong 
Tyndall effect. 

Materials. L-Lactic acid was prepared from a commercial 
zine salt (Pfanstiehl Chemical Co., U.S.A.) and p-lactic acid 
(«2° Zn salt, +8-0°) was obtained by resolution of pt-lactic 
acid according to Irvine (1906). The acids were used as 
sodium salts, prepared by removal of the zine with sodium 
carbonate. Flavin-adenine dinucleotide (FAD) was obtained 
from the Sigma Chemical Co., St Louis, U.S.A. The purity 
was assayed at 15% by the makers. Flavin mononucleotide 
(FMN) was obtained from L. Light and Co., England, and 
assayed as 87 % pure by measurement of the light-absorption 
at 450 mu., with ¢=12-2 x 10*].mole.! em.-! (Whitby, 
1953). isoRiboflavin was a gift from Dr T. P. Singer. 
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Diphosphopyridine nucleotide (DPN) was the chromato- reactions were slower (cf. Myco. phlei, Table 1) but 
graphically purified product of the Sigma Chemical Co. the stoicheiometry was unaltered. On completion 
Peroxidase was prepared by the method of Elliott (1932). of manometric experiments in phosphate buffer a 
aiid hod steam-volatile acid, identified as acetic acid by the 
Anargioom: meters lanthanum-iodine reaction (Edson & Hunter, 
Oxygen consumption was measured in Warburg mano- 1947), was isolated from the products of each 
meters containing KOH in the inseal. Lactic acid was extract. 
determined by the method of Friedemann & Graeser (1933) ; There was no significant increase of O, uptake in 
in the recovery of lactic acid from manometric experiments 
ee a == the presence of acetate, pyruvate, L-malate or «- 
the procedure of Edson & Hunter (1947) was used. Nitrogen ; aie 
hydroxyisobutyrate. It is likely that the small O, 


was determined by the titrimetric micro-Kjeldahl method of : 7 : 
Hiller, Plazin & Van Slyke (1949). pH was measured with uptake observed in the peceesee of p-lactate is due 
a glass electrode. Spectrophotometric measurements were 0 @ trace Impurity of the L-isomer. 

made with a Beckman instrument, DU model. Under anaerobic conditions in Thunberg tubes 


Electrophoretic analysis of enzyme solutions was the extract of each organism reduced methylene 
performed in a Tiselius-type apparatus (Adam Hilger, Ltd., blue on addition of px-lactate, yielding pyruvate, 
Le don) equipped with a diagonal knife edge and Philpot which was detected by the nitroprusside reaction 
—_ system. sia ies fae (Simon & Piaux, 1924) after deproteinization with 

= . . 3 Was assav , -asuring c ° . ° 
__ Enzyme actly. this was assayed Dy measuring U,uptake trichloroacetic acid and removal of methylene 
in the presence of excess of L-lactate (566 moles of DL- bl ii alii ae = 
lactate) at pH 5-2 in a medium containing 0-04M acetate _ Wan ares ? a PEOe- 
These results indicate that the same type of 


buffer. The enzyme dilution was arranged to give an O, : , ? 
uptake of 300-700 pl. of O,/hr. The rate of O, uptake was @Nzyme 1s present in the three species of myco- 


constant over the period of observation (30-60 min.). bacteria. 
The activity is expressed as go, = pl. of O,/mg. of N/hr. Purification of the enzyme 
Myco. smegmatis. Batches (200-300 ml., repre- 
RESULTS senting 100-120 g. wet wt. of bacteria) of the crude 
Pat ‘ extract were dialysed to remove most of the phos- 
Oxidation of lactate by extracts of mycobacteria phate buffer, and the pH was adjusted to 4-5 by 


‘The experiments of Table 1 show that dialysed cell- addition of 0-33 vol. of 0-25m acetate buffer, 
free extracts of mycobacteria oxidize L-lactate in pH 4-5. The mixture was allowed to stand for 
essentially the same way as an acetone-dried 0-5 hr. before a heavy precipitate was removed by 
powder of Myco. phlei (Edson, 1947). The ratio, O, centrifuging. The supernatant (fraetion I) was 
consumption: L-lactate disappearance, is consistent cooled to 0° and cold ethanol (—20°) added 
with equation (1). The reactions with extracts of cautiously to give 40% (v/v) concentration. At 
Myco. smegmatis and Myco. stercoris were carried the same time the temperature of the mixture was 
out in acetate buffer at the optimum pH (see lowered to at least —7° and, after standing, the 


70 


below) and in phosphate buffer, pH 7-4,in whichthe precipitate was removed by centrifuging at —7°. 


Table 1. Oxygen consumption and lactate disappearance in extracts of mycobacteria 


Warburg flasks contained 1-0 ml. of dialysed bacterial extract, 0-5 ml. of 0-2 acetate buffer, pH 5-2 (Myco. smegmatis 
and Myco. stercoris) or 0-8 ml. of 0-09m phosphate buffer, pH 7-4 (Myco. phlei), and 0-5 ml. of lactate solution in the side 
bulb. The inseal contained 0-2 ml. of 10% KOH. Gas, air. Temp., 38°. Time: 90 min. for Myco. smegmatis and Myco. 


stercoris and 180 min. for Myco. phlei. 
pmoles of 


Lactate O, used/ 

oo Extra pmole of 

Added Utilized O, uptake O, uptake lactate 

Organism Substrate (umoles) (umoles) (umoles) (umoles) disappearing 
Myco. smegmatis Nil _- —_ 0-0 0-0 —- 
p-Lactate 64-8 1-1 0-7 0-7 _ 
L-Lactate 82-8 52-7 49-0 49-0 0-93 
pL- Lactate 103-8 25-0 23-8 23-8 0-95 
Myco. stercoris Nil a — 0-8 — — 
p-Lactate 64-8 _- 1-6 0-8 — 
L-Lactate 82-8 58-0 54-0 53-1 0-92 
pL-Lactate 103-8 37:3 41-1 40:3 1-08 
Myco. phlei Nil — — 2-4 — — 
p-Lactate 53-0 0-1 3-1 0-7 _ 

L-Lactate 45-0 16-6 18-1 15-7 0-95 
pL-Lactate 102-2 17-8 20-6 18-2 1-02 
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The pale-yellow precipitate was extracted with 
0-1m acetate buffer, pH 5-2 (approximately equal 
to 0-1 vol. of the original extract) and the insoluble 
residue discarded. The solution (fraction II) was 
dialysed against water for 3-4hr. to remove 
traces of ethanol and then heated at 55° for 5 min., 
the denatured protein being removed. The pale- 
yellow supernatant (fraction III) was dialysed at 
2° against water. After 24 hr. most of the enzyme 
had precipitated, but sometimes it was necessary 
to leave the solution at 0° for a further 12 hr. to 
effect complete precipitation. The precipitate was 
extracted with 10-20 ml. of 0-05m acetate buffer, 
pH 5-2, and any insoluble residue discarded. The 
supernatant is fraction IV. Repetition of dialysis 
and extraction of the resulting precipitate gave a 
pale-yellow solution (fraction V) with high lactate- 
oxidizing activity (q,, approx. 200000) which 
represents more than 100-fold purification of the 
crude extract. Preparations of this activity were 
used in the subsequent work on properties unless 
stated otherwise. The loss of enzyme during the 
procedure was 40—50 %. 

Further purification was achieved towards the 
concluding stages of this investigation. The enzyme 
solution (fraction IV) was subjected to dialysis 
against 80 vol. of 0-1m acetate buffer, pH 4-5, for 
a period not exceeding 24hr. The precipitated 
enzyme was redissolved in 0-05M acetate buffer, 
pH 5-2 (fraction VI). More prolonged dialysis 
caused inactivation. 

The activity of the enzyme at various stages of 
purification is given in Table 2. 

Myco. phlei. Crude extracts were purified by 
essentially the same method as far as fraction III. 
At this stage some inactive protein was removed by 
adsorption on alumina C,, gel in a mixture buffered 
to pH 6-0 with 0-04m phosphate buffer, and the 
purification was not carried further. The enzyme 
solution was pale yellow. Myco. phlei was aban- 
doned in favour of Myco. smegmatis because 
extracts of the latter offered better yields and con- 
tained less extraneous yellow pigment. 
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Electrophoretic behaviour of the purified enzyme 


About 50 mg. of enzyme (q,, 200 000), corre- 
sponding to an extract of 800-900 g. of Myco. 
smegmatis, were required for a single run in the 
Tiselius apparatus. The ascending and descending 
patterns in phosphate buffer, pH 5-9, showed the 
presence of at least three components (Fig. 1). The 
small, slowly moving component (C) was isolated 
and found to be a colourless, inactive protein. The 
yellow pigment and the remaining protein moved 
with the leading peaks (A and B) whose mobilities 
were too similar to permit electrophoretic isola- 
tion. Component B contained 51% of the total 
protein. 

The component containing the enzyme was 
located by means of filter-paper electrophoresis. 
The enzyme solution (fraction V) was applied to 
strips (width 1 in.) of Whatman no. 1 paper and 
developed for 8 hr. with phosphate buffer, ionic 
strength 0-2, pH 5-9, and a current of 10 ma. 
Stained by the method of Grassmann & Hannig 
(1952), the same three protein components were 
sharply demarcated and well separated. A dupli- 
cate unstained strip showed that the yellow pig- 
ment was associated with component B. Strips 
(1 em. long) were cut from the duplicate in positions 
corresponding to the protein bands and trans- 
ferred to 0-05 acetate buffer, pH 5-2, in Warburg 
manometers. In this manner it was found that the 
enzymic activity was contained solely in com- 
ponent B. 


Cc BOA A B Cc 
Ascending Descending 
6 


Fig. 1. Electrophoresis of a purified lactic oxidase prepara- 
tion (fraction V, Yo, = 200 000) from Myco. smegmatis in 
phosphate buffer, J =0-2, pH 5-9. Protein concentration 
approximately 1%. Time, 210 min. 


Table 2. Activities of fractions obtained in the purification of lactic oxidase (Myco. smegmatis) 


Warburg flasks contained 1-5 ml. of a suitable dilution of enzyme preparation, 0-5 ml. of 0-2 acetate buffer, pH 5-2, 
and 0:5 ml. of px-lactate solution (556 moles) in the side bulb. The inseal contained 0-2 ml. of 10% KOH. Gas, Oy. 


Temp., 38°. Time, 1 hr. qo, =l. of O,/mg. of N/hr. 
O, uptake 


Preparation (pl.) 

Unfractionated dialysed 274-446 
extracts 

Fraction II 677 
Fraction II 704 
Fraction IV 400 
Fraction V 308 
Fraction VI 331 





Nitrogen 
| mmmemmmant —— Activity 
(ug-/ml.) (ug./flask) (Yo) 
1050-1200 210-240 1300-1900 
360 36 18 800 
560 22 32 000 
84 3-3 121 000 
79 1-6 192 000 
56 1-1 301 000 


* In the absence of lactate the O, uptake of the purified preparations was negligible. 
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The most active preparation of the lactic acid 
oxidase made from Myco. phlei showed three 
similar peaks and the same distribution of pigment 
when subjected to electrophoresis in the Tiselius 
apparatus. 


Absorption spectrum of the enzyme 


The original suggestion that the lactic oxidase of 
the mycobacteria might be an autoxidizable flavo- 
protein containing FAD was not substantiated 
when the first purified preparations were made from 
Myco. phlei and Myco. smegmatis (Cousins, 1951; 
Edson & Cousins, 1953). The absorption spectra 
were different from those of typical flavoproteins. 

During the course of purification of the enzyme 
from Myco. smegmatis it was noticed that absorp- 
tion at 403 mu. increased relatively to absorption 
at 276 my. Fig. 2 shows the absorption spectrum 
of fraction V. The band with the maximum at 
403 my. has a small inflexion at 375-380 my., and 
E93 my! L276 my. 18 0-14-0-17. An intensification of 
colour, which occurs with increased pH, is accom- 
panied by increased absorption at 403 mp. and a 
general widening of the band. 

The increase in absorption at 403 my. during 
purification suggested that a pigment with an 
absorption band in this region might be connected 
with lactic oxidase activity. This hypothesis was 
discounted when fraction VI (qo,, 300000) be- 
came available. Fraction VI, dissolved in phos- 
phate buffer, pH 7-1, gave a faintly yellow solution 
with the absorption spectrum shown in Fig. 3. 
The absorption at 403 mu. has decreased relatively 


1:2 


1:0 


Optical density (E) 
° ° ° 
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° 
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240 490 


290 340 390 440 


Wavelength (mjz.) 
Fig. 2. 


paration (fraction V, 10s 


Absorption spectrum of a partially purified pre- 
200000) of the lactic oxidase 


(Myco. smegmatis) in 0-05 acetate buffer, pH 5-2. 
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to that at 276 muy. in spite of considerable increase 
in enzymic activity. There was no significant 
absorption at wavelengths higher than 490 my. 
The soluble chromoprotein remaining in solution 
after dialysis at pH 4-5 was faintly yellow and had 
negligible enzymic activity, although the quotient 
E403 my./ #276 mp. bad increased to 0-33. 

After removal of the inactive chromoprotein 
from fraction V, absorption at 380 and 450 mu. is 
more apparent (Fig. 3). The quotients £7, ,,,,/ 
F450 mp. 20 F375 my! 450 my. AVC 15-6 and 1-7 respec- 
tively (fraction VI). These values are much higher 
than the corresponding quotients for purified 
flavoproteins, e.g. 10-5 and 1-0 for L-amino acid 
oxidase (Singer & Kearney, 1950a, b). 

The FAD content of enzyme solutions was 
assayed manometrically at several stages of 
purification (Table 3) by the p-amino acid oxidase 
test of Warburg & Christian (1938), with commercial 
FAD as a standard. Significant amounts of com- 
bined FAD are present in the crude extract and the 
concentration increases in fraction II; but the 
apparent absence of FAD from fraction VI 
cannot be regarded as conclusive evidence of its 
total absence, since the amount present after 
denaturation of the protein by brief heating at 100° 
and pH 5-2 may have been below the limit of 
sensitivity of the assay. 


ice aa 
0:7 
0-6 
0:5 


0-4 


Optical density (E) 


0:3 


0-2 


0-1 


0 


240 290 340 390 440 490 


Wavelength (mL.) 
Fig. 3. Absorption spectrum of a purified preparation 
(fraction VI, go, =301000) of the lactic oxidase (Myco. 
smegmatis) in phosphate buffer, pH 7-1. 
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Some properties of the enzyme 


The enzyme solution can be stored in the frozen 
state for 3 months without loss of activity. The 
enzyme is relatively stable to heating for 5 min. at 
50°, but above 65° activity is destroyed rapidly. 

Optimum pH. Fig. 4 shows the variation of 
activity over the pH range 3-6—8-0. The enzyme is 
stable and highly active over a wide pH range but 
shows a peak of activity at pH 5-2—5-3. It may be 
significant that electrophoretic observations indi- 
cated that the isoelectric point of the enzyme is 
near pH 5. At pH 2-8 and 10-1 (glycine buffers) the 
enzyme is quite inactive. 

The pH-activity curves of the purified enzyme 
from Myco. phlei and of the extracts of Myco. 
stercoris were almost identical in shape when 
determined under the same conditions. 

Effects of inhibitors. The rate of oxidation of 
lactate in acetate buffer at pH 5-2 was not affected 
by 0-01 arsenite, fluoride, hydroxylamine, ure- 


Table 3. FAD content of enzyme preparations of 
Myco. smegmatis 


FAD was measured by the manometric assay of Warburg 
& Christian (1938) with commercial FAD as a standard. 


pg. of 
Nitrogen FAD FAD/mg. 

Preparation (mg./ml.) — (yg./ml.) of N 
Crude extract 1-58 4-5 2-8 
Fraction II 0-13 1-6 12-3 
Fraction IV 0-56 3-7 6-6 
Fraction VI 0-09 0-0 — 

100 
2 75 
= 
8 
So 50 
oe 
e 
ovo 
2 
© 25 

0 
3 4 5 6 ? 8 
pH 


Fig. 4. Optimum pH of the purified lactic oxidase (fraction 
V) from Myco. smegmatis. The activities were determined 
by measurement of O, uptake and expressed as a per- 
centage of the activity at pH 5-2. Warburg flasks con- 
tained 2 ml. of buffered enzyme solution and 0-5 ml. of 
DL-lactate solution (125 pmoles). The inseal contained 
0-2 ml. of 10% KOH. Gas, air. Temp. 38°. The following 
buffers (final conen. 0-05m) were used: glycine—HCl, 
pH 3-6; acetate, pH 4-3-5-5; phosphate (Sérensen), 
pH 5-7-8-0. 
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thane, azide or isonicotinic acid hydrazide; 0-01™m 
iodoacetate, 0-001 mM-HCN and octy] alcohol (satur- 
ated) produced inhibitions of 9, 5 and 6%, 
respectively. 

An unexpected inhibition was brought about by 
the addition of flavins. Table 4 shows that FMN 
reduces O, uptake by 24% and FAD by 18 % in the 
course of 1 hr. The inhibition by FAD is progres- 
sive, the rate of O, uptake at the end of 1 hr. being 
less than 50% of the original rate. Although the 
significance of inhibition by an impure preparation 
of FAD is doubtful, a similar inhibition was noticed 
with other preparations known to contain FAD 
(heat-inactivated bacterial extract or a neutralized 
HCl-extract made from acetone-dried Myco. 
smegmatis). The addition of 50 ug. of riboflavin or 
of isoriboflavin did not affect O, consumption. 

Anaerobic oxidation of lactate. Cell-free extracts 
and acetone-dried powders made from Myco. phlei 
reduce methylene blue anaerobically in the 
presence of lactate, forming pyruvate (Edson, 
1947). It was found that crude extracts of Myco. 
smegmatis also give pyruvate under these con- 
ditions, but purified preparations of the lactic acid 
oxidase do not reduce methylene blue, or do so 
relatively slowly at high enzyme concentration. 

The ability of the enzyme preparations to reduce 
methylene blue in presence of lactate is inversely 
related to the degree of purification, suggesting 
progressive removal of some non-diffusible hydro- 
gen carrier. Since this carrier can be partially 
replaced by free flavins, it may be a flavoprotein 
(Table 5). Flavoprotein is removed during purifi- 
cation, especially in the precipitate at pH 4-5. 

There is no change in the colour or absorption 
spectrum of the purified enzyme when it is incu- 
bated anaerobically with 550 umoles of DL-lactate 


Table 4. Effect of flavins on the lactic oxidase of 
Myco. smegmatis 


Warburg flasks contained 1-0 ml. of enzyme solution 
(fraction V) buffered with 0-1m acetate buffer, pH 5-1, 
0-5 ml. of pt-lactate solution (556 wmoles) in the side bulb 
and 0-5 ml. of water (or flavin solution). The inseal con- 
tained 0-2 ml. of 10% KOH. Gas, air. Temp. 38°. 


Time after O, uptake (pl.) 





mixing c ~ A 

(min.) Flavin absent FMN* FAD} 
10 65 55 70 
20 134 108 137 
30 200 161 195 
40 265 209 244 
50 327 255 286 
60 390 297 318 


* Amounts of 50g. per flask of flavin mononucleotide 
(FMN) added. 

+ Amounts of 30 yg. per flask of flavin-adenine dinucleo- 
tide (FAD). 
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Table 5. Anaerobic reduction of methylene blue by bacterial extracts and enzyme fractions 
(Myco. smegmatis) in the presence of lactate 


Evacuated Thunberg tubes contained enzyme solution 


(sufficient to give a manometric O, uptake of 3800,l./hr.), 


0-5 ml. of 0-2™ acetate buffer, pH 5-2, 0-5 ml. of 1:5000 methylene blue solution and other additions with water to make 


2-5 ml. Temp., 38°. pi-Lactate added, 556 pmoles 


Preparation 
Bacterial extract (dialysed) 


Enzyme fraction II 


Enzyme fraction V 


in 0-04M acetate-buffered medium at pH 5-2. In 
this test the cuvette containing the solution, and a 
control in which the lactate solution was replaced 
by an equal volume of water, were gassed with N, 
and the lids sealed before incubation for 30 min. 
at 38°. 

Inactivation of the enzyme and attempted re- 
activation. Prolonged dialysis (3 days at 2°) against 
frequent changes of water produced no change in 
colour and little loss of activity, and electro- 
dialysis against 0-05m acetate buffer, pH 4-5, or 
0-05 phosphate buffer, pH 7-5, had no effect; but 
dialysis against 0-02N-HCl or 0-1M acetate buffer, 
pH 3-5, or against alkaline buffers (0-05m secondary 
phosphate or 0-1M glycine buffer, pH 8-9) resulted 
in complete or partial inactivation depending on 
the time of dialysis. When the enzyme was treated 
with 0-1N-HCl at 0° the protein was precipitated 
and yellow pigment released. Treatment with 
(NH,),SO, between pH 1-5 and 3-0 had a similar 
effect. It appeared that any treatment which 
caused separation of the pigment resulted in loss of 
activity. 

Attempis to restore activity to the decolorized 
protein by addition of glutathione, methylene blue, 
DPN, FAD, FMN and the yellow pigment ob- 
tainable from enzyme preparations were un- 
successful. Bacterial extract or purified enzyme 
inactivated by heat (100° for 5 min.) had no effect. 
The addition of FAD (25,g./ml.) in combination 
with the following ions also gave negative results: 
Fe*+, Mg?+, Mn*+, Zn?+, Cu?+, Co*+, MoO,?2-. 


Mechanism of reaction 


The mechanism originally proposed for the 
oxidation of lactate and illustrated by equations 
(2)—(4) involves the formation of H,O,. Yamamura 
et al. (1952), who studied the lactic oxidase of 
Myco. avium, considered that H,O, could not be 
involved because the enzyme was not inhibited by 


Reduction time 


Additions (min.) 
Nil >420 
Lactate 6 
Nil >420 
Lactate 210 
Nil >420 
FMN (25 yg.) >420 
FAD (25 yg.) >420 
Lactate 230 
Lactate + FMN (25 yg.) 85 
Lactate + FAD (25 yg.) 91 


catalase and did not promote the coupled oxidation 
of ethanol in the presence of catalase. Sutton 
(1954), working with a purified lactic oxidase from 
Myco. phlei, came to the same conclusion. 

In the present work with a purified lactic oxidase 
(qo, = 200 000) from Myco. smegmatis, it was also 
found that catalase was not inhibitory and that 
coupled oxidation of ethanol or p-phenylenedi- 
amine did not occur in the presence of catalase. 
Although this may be strong evidence against the 
participation of H,O, in the reaction, it is not 
conclusive in the absence of positive evidence for 
a different mechanism. With horse-radish per- 
oxidase and p-aminobenzoic acid as an indicator 
system, Edson & Cousins (1953) detected traces 
of H,O, during the oxidation of lactate by the 
purified enzyme. 

A similar experiment based on a method of 
Kenten & Mann (1952) gave a measurement of the 
H,O, reacting with peroxidase. The experiment and 
its controls are shown in Table 6. On completion of 
the manometric measurement of O, uptake the 
Warburg flasks were cooled in ice. Saturated 
hydrazine sulphate solution (0-2 ml.) was added to 
the side bulb, the manometers were reassembled 
and gassed with N,, and the hydrazine was added 
after equilibration. The evolution of N, was 
complete in 10min. and amounted to 27uyl. 
(equivalent to 1-2umoles of H,O,) in the flask 
containing the complete system (no. 4). There was 
no evolution of N, in the other flasks. 

Pyruvate was also determined. The contents and 
washings from a duplicate set of flasks were de- 
proteinized with 6 ml. of 10% (w/v) trichloroacetic 
acid, bringing the total volume from each flask to 
11 ml. After filtration, 3 ml. portions were used for 
pyruvate estimation by the method of Elgart & 
Nelson (1941). The results (Table 6) show that small 
amounts of pyruvate were present in all the flasks 
in which oxidation of lactate occurred but the 
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Table 6. Measurement of hydrogen peroxide during lactate oxidation by the lactic oxidase of Myco. smegmatis 


Warburg flasks contained 0-4 ml. of enzyme solution (fraction V), 0-8 ml. of 0-2 pyrophosphate buffer, pH 7-1, various 
additions and water to give 2-8 ml. in each. The inseal contained 0-2 ml. of 10% KOH. Gas, air. Temp., 38°. 








Flask no. 

sae A ae = a ~ 

Additions 1 2 3 + 5 6 7* 8 
pL-Lactate, 0-2m (ml.) 0-4 0-4 0-4 0-4 0-4 — 0-4 0-4 
Peroxidase solution — 0-5 — 0-5 — 0-5 0-5 — 

(3 mg. of protein/ml.) (ml.) 

p-Cresol, 0-001 m (ml.) — — 0-3 ( — 0-3 0-3 0-3 
MnSO,, 0-1™ (ml.) — — — 0-2 0-2 0-2 0-2 0-2 
Pyruvate, 0-2M (ml.) - 0-4 — — 

O, uptake (yl./220 min.) 564 552 560 670 661 7 5 628 
Pyruvate formed (umoles) 0-3 0-7 — 0-9 0-4 _— 0-0 — 


* In flask no. 7 the enzyme solution had been previously inactivated by heating. 


amount was greatest in the complete system. 
Traces of pyruvate can usually also be detected by 
the nitroprusside test after the oxidation of large 
quantities of lactate without any further additions 
to the enzyme preparation. 

The complete experiment shows that 1-2 umoles 
of H,O, and 0-9 umole of pyruvate were detected 
during the oxidation of about 30pymoles of L- 
lactate. 


DISCUSSION 


It has been shown that extracts made from three 
species of mycobacteria contain an enzyme which 
catalyses the aerobic oxidation of t-lactate 
according to equation (1). The best preparation of 
this lactic oxidase, made from Myco. smegmatis, 
probably represents a purification of about 150- 
fold. The assay, based on the nitrogen content of 
dialysed and precipituted materials, assumes that 
the non-protein nitrogen is small in proportion to 
the total nitrogen and that the reaction velocity 
bears a linear relationship to enzyme concentra- 
tion. 

Prosthetic group. The original work on the en- 
zyme of Myco. phlei indicated that FAD might be 
the prosthetic group. Since the reaction is an 
oxidative decarboxylation, Preisler & Hunter 
(1949) suggested that the lactic oxidase might be 
analogous to the ‘malic enzyme’ of Ochoa, Mehler 
& Kornberg (1948). Further investigation threw 
doubts on the flavin nature of the lactic oxidase but 
indicated that it did not need pyridine nucleotides 
or diphosphothiamine (Cousins, 1951). On the 
other hand, Yamamura et al. (1952), who extracted 
a similar enzyme, ‘lactic oxidase I’, from Myco. 
avium, considered that FAD was the prosthetic 
group. In a study of the lactic oxidase of Myco. 
phlei, Sutton (1954) found that the specific activity 
ratios for O, consumption and CO, formation are 
the same throughout a procedure which achieves 
at least 30-fold purification. He concluded that 
oxidation and decarboxylation of lactate are 


associated with a single protein unit. Sutton (1954) 
found no spectroscopic evidence for the presence of 
FAD in the purified enzyme which was not in- 
hibited by quinacrine or chloroquine. 

Purification of lactic oxidase of Myco. smegmatis 
as far as fraction V (Table 2) gives a pale-yellow 
solution, the absorption spectrum of which is not 
that of a typical flavoprotein (Fig. 2). A modifica- 
tion of the procedure led to the separation of two 
pale-yellow proteins with different absorption 
spectra. One had a distinct maximum at 403 muy. 
and was almost devoid of lactate oxidizing ability; 
the other (fraction VI), showing the spectrum of 
Fig. 3, was the most active preparation obtained. 
The spectrum of fraction V is clearly due to the 
presence of these two proteins; and the low maxi- 
mum at 403 mu. in fraction VI indicates that the 
preparation is not entirely free from the inactive 
chromoprotein. 

Although the removal of the inactive protein 
made some absorption at 380 and 450 my. more 
apparent (Fig. 3), the quotients 275 jn,./L450 my. aNd 
E375 roy! L450 my. aPC NOt those that would be expected 
in a purified flavoprotein. The ratios are of the same 
order as those obtained by Sutton (1954) for the 
purified enzyme of Myco. phlei. Moreover, FAD 
could not be detected in fraction VI (Table 3) and 
the enzyme was partially inhibited by addition of 
FMN or FAD (Table 4). From the high activity of 
fraction VI it is concluded that FAD is not the 
prosthetic group although the possibility of some 
other flavin being present is not excluded. The 
possible role of a metallo-flavin prosthetic group has 
not been explored. 

Mechanism of reaction. Catalase failed to inhibit 
the oxidation of lactate and to promote coupled 
oxidation of ethanol in the presence of the purified 
enzyme. This is presumptive evidence against the 
participation of hydrogen peroxide according to 
equations (3) and (4), in spite of the formation of 
pyruvate anaerobically. Yamamura et al. (1952), 
who made similar observations with preparations 
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from Myco. avium, attributed the formation of 
pyruvate under anaerobic conditions to a DPN- 
linked enzyme, ‘lactic oxidase II’, and considered 
that hydrogen peroxide and pyruvate were not 
intermediates in the oxidation catalysed by ‘lactic 
oxidase I’. Other observations opposed to the 
mechanism of equations (3) and (4) are reported in 
this paper and by Sutton (1954). Hydroxylamine 
and other keto acid fixatives and pyruvate do not 
inhibit the enzyme. 

It has been shown, however, that small quantities 
of hydrogen peroxide and pyruvate are detectable 
during the course of lactate oxidation (Table 6). 
This might be explained if hydrogen peroxide 
formed in the main reaction interacts preferentially 
with pyruvate even when catalase or peroxidase is 
added. This could occur on the enzyme surface 
where close spatial relationships might permit the 
postulated intermediates to react rapidly in the 
direction of acetate formation. In this event the 
intermediates would not be freely diffused in solu- 
tion. If the area of enzymic activity were relatively 
inaccessible to ox-liver catalase or horse-radish 
peroxidase (especially to the former, which is the 
larger molecule), the formation of hydrogen per- 
oxide and pyruvate would not be easily detected. 
On the other hand, it is possible that the oxidative 
decarboxylation is a reaction of unknown type and 
that the hydrogen peroxide and pyruvate detected 
are formed in a reaction of secondary importance. 

Dialysed extracts of Myco. smegmatis reduce 
methylene blue readily in the presence of lactate, 
although the purified enzyme does not. Yamamura 
et al. (1952) attribute these observations to the 
presence of ‘lactic oxidase IT’ in unfractionated 
extracts. Since the oxygen consumption of un- 
fractionated dialysed preparations is not increased 
by addition of DPN and methylene blue (the test 
applied by Yamamura et al.), the ‘lactic oxidase IT’ 
does not seem to be present in Myco. smegmatis. 
Moreover, flavoprotein is removed during purifica- 
tion, and the ability to reduce methylene blue is 
partly restored by addition of free flavins (‘Table 4). 
These facts suggest that loss of ability to reduce 
methylene blue is due to removal of a flavoprotein 
mediating hydrogen and electron transfer to the dye. 

The related problems of the prosthetic group and 
the mechanism of reaction are unlikely to be solved 
without purer enzyme preparations. The first 
obstacle is the difficulty of cultivating a sufficient 
quantity of bacteria under ordinary laboratory 
conditions. 


SUMMARY 


1. Extracts of Mycobacterium smegmatis, Myco. 
Myco. phlei contain similar lactic 
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oxidases which catalyse the oxidation of L-lactate to 
acetate, carbon dioxide and water in the presence of 
molecular oxygen. 
2. The enzyme of Myco. smegmatis has been 
purified to a considerable degree. A _ purified 
fraction (%o,, 200 000) has been resolved into two 
yellow proteins, one without activity towards 
lactate and the other with enhanced activity 
(qo,» 300 000). 

3. The properties of the purified enzyme have 
been studied, and the nature of the prosthetic 
group and the reaction mechanism are discussed. 


The author wishes to express his indebtedness to Professor 
N. L. Edson for his interest and helpful advice throughout 
this work, and to the W. H. Travis Trustees for financial 
assistance. 
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The Uptake of Amino Acids by Carrot Slices 
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The mechanism of the movement of organic and 
inorganic compounds in plants is as yet unknown. It 
has been established that certain inorganic ions are 
actively taken up by sections of plant tissues (see 
Lundegaardh, 1955). It has been shown by Arisz 
(1953) that amino acids are moved along the 
tentacles of Drosera by an active process; and by 
Mathieson & Catcheside (1955) and Webster (1954) 
that several plant tissues will actively take up and 
accumulate amino acids. In contrast, much is 
known about the active uptake of metabolites by 
animal tissues and certain bacteria. As an approach 
to this problem in plant tissues we have investi- 
gated the conditions determining the uptake of 
amino acids by carrot slices. 


MATERIALS AND METHODS 


Methods of estimation 


The amino acids used were all commercial samples. Histi- 
dine, arginine and lysine were used as the hydrochlorides. 
All experiments with these amino acids therefore contain an 
equivalent amount of chioride. 

(a) Histidine was estimated by slight modifications of the 
colorimetric method of Macpherson (1946); these modifica- 
tions included suggestions made in earlier papers of Koessler 
& Hanke (1919). For convenience the procedure is given 
here in full. 

Diazotized sulphanilic acid was prepared at least 30 min. 
before use by mixing NaNO, (5%, w/v) and sulphanilic acid 
(1%, w/v, solution in N-HCl) in the ratio 2:1. The solution 
was kept at 0°. 

The histidine samples (containing 0-1-0-5umole of 
histidine) were pipetted into 25 ml. volumetric flasks, and 
made to 5ml. with distilled water. Sodium carbonate 
(anhydrous salt, 10%, w/v, 3 ml.) was added to each flask in 
turn, and the solutions were mixed thoroughly. At intervals 
of 1 min. the diazotized sulphanilic acid (3 ml.) was allowed 
to run into successive flasks from a rapid delivery pipette 
held just above the surface of the solution. The flask contents 
were swirled gently during this process. Twenty seconds 
after beginning the addition of the diazotized sulphanilic 
acid, ethanol (20%, v/v, 10 ml.) was run in over a period of 
5 sec. from an automatic burette. The solution was shaken 
gently for a further 15 sec. When the colour had been 
developed in all the test flasks, the solutions were made to 
volume with distilled water, and the optical density at 
497 my. was read after 30 min. in a Beckman spectrophoto- 
meter (Model DU) against a distilled water blank. With close 


20 


attention to details of timing and procedure, the method has 
an accuracy of +1-5%. 

(b) Arginine was estimated by the method of Macpherson 
(1946). 

(c) Other amino acids were estimated by the use of 
chloramine T at pH 4-6 inthe Warburg apparatus according 
to the method of Gibson & Wiseman (1951), with the 
exception that the side arm contained only 0-3 ml. of the 
chloramine T solution. 


Tissue 


Carrots obtained from the grower 1 day after being lifted 
were found to be satisfactory. They were stored at 0° in 
moist soil up to 1 week before use. No comparisons have 
been made between experiments with tissue from different 
carrots. 

The carrots were peeled and cut into blocks which extended 
for 1 em. on either side of the cambium. These were then cut 
with a microtome into a series of 1 mm. slices. After a 
preliminary washing to remove small fragments, the slices 
were circulated in distilled water through which air was 
drawn. When required for an experiment, the tissue was 
blotted dry between sheets of filter paper, and the slices 
(3g. fresh wt.) were placed in the experimental solution 
(20 ml.) contained in a round-bottomed flask (50 ml.). The 
flasks were shaken at 150 oscillations/min. in a water bath at 
25°, and suitable samples of the bathing solution were 
removed from time to time for analysis. In long (16 hr.) 
experiments, sulphanilamide (2-5 mm) was added to the 
external medium to inhibit growth of bacteria, a previous 
experiment having shown that the uptake of histidine was 
not affected under the conditions used. At the end of the 
experiment, the slices were removed, and dried in an oven 
at 110° for 5 hr. to determine the dry weight. The loss of 
weight has been taken as the water content of the tissue. 


RESULTS 


Preliminary experiments showed that the carrot 
slices removed t-histidine from a 20 mm solution in 
such an amount as to make the internal concentra- 
tion greater than the external concentration. Con- 
sequently, the most suitable conditions for investi- 
gation of this process were determined. 


Type of tissue 
The behaviour of different types of tissue was 
examined by dividing the slices into three portions: 
an outer pigmented band, corresponding to the 
phloem; an inner band of xylem tissue; and a band 
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consisting of the cambium and adjacent phloem and 
xylem tissue, subsequently referred to as ‘cambium’. 
Tt was found that at both higher (20 mmo) and lower 
(0-5 mm) (Fig. 1) concentrations, the rate of removal 
of L-histidine from the medium was in the descend- 
ing order ‘cambium’, phloem, xylem. It can be seen 
from the curves representing uptake by ‘cambium’ 
and phloem that all the histidine (estimated by the 
colorimetric method described) is removed from the 
external solution. Because of its greater activity, 
the tissue that included the ‘cambium’ was used in 
all subsequent experiments. 


Uptake (moles) 





120 240 


Time (min.) 


0 60 180 


Fig. 1. Uptake of L-histidine by different carrot tissues: 
(a) ‘cambium’; (b) phloem; (c) xylem. Tissue (3 g. fresh 
wt.) washed for 14hr. before use, then incubated in 
20 ml. of 0-5 mm solution. Initial pH, 4-5. Temp. of water 
bath, 25°. 


Table 1. Effect of thickness of slice on uptake 


Uptake of t-histidine by carrot slices of different thick- 
nesses. Tissue (3 g. fresh wt.) was washed for 12 hr. before 
use, and incubated in 20 ml. of L-histidine solution (5 mm). 
Initial pH, 4-0. Temp. of water bath, 25°. 


Thickness of slice 





ia sieacgg ete 
15mm. 10mm. 0-5 mm. 
Conen. of 
Duration of uptake external solution (mM) 
(min.) ——_—_" ——, 

0 5-0 5-0 5-0 

30 4-6 4-6 4:3 

60 4-4 4-4 4-3 

90 4-2 4-1 4-2 

Total uptake (umoles) 16 18 16 
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Thickness of slices 


The results given in Table 1 show that there was 
arapid initial uptake by the thinnest slices (0-5 mm.) 
but little further uptake during the next 60 min. 
This rapid uptake is completed in 15 min., and 
probably represents the physical adsorption by the 
tissue (see below). The 1-5 and 1-0 mm. slices seem 
to behave similarly. As Turner (1938) has shown 
that the diffusion of oxygen is not limiting in slices 
of 1 mm. thickness, all subsequent experiments were 
done with 1 mm. slices. 


Washing of tissue 


Several workers (e.g. Turner & Hanly, 1949; 
Sutcliffe, 1954) have shown that the washing of 
tissue at first increases and later decreases its 


120 





100 


Uptake (moles) 
a 
oO 


40 
20 
0 
0 100 200 300 
Time (min.) 


Fig. 2. Effect of time of washing of tissue on the uptake of 
L-histidine; (a) washed for 98 hr.; (b) washed for 50 hr.; 
(c) washed for 215 hr. Tissue (3 g. fresh wt.) incubated in 
20 ml. of 20 mm solution. Initial pH, 3-9. Temp. of water 
bath, 25°. 


Table 2. 





Effect of pH on uptake 


Uptake of t-histidine by carrot slices. Tissue (3 g. fresh 
wt.) was washed for 15 hr. before use and incubated in 
5 mm histidine solution (20 ml.) buffered at different pH 
values with potassium phosphate buffer (20 mm). Temp. of 


water bath, 25°. 
Conen. of external solution 


Duration of uptake (mm) 

(min.) — OO 
Initial pH 4-9 5-9 7-0 8-0 
Final pH 5:3 5-9 7-0 7-4 

0 5-2 5-2 5-2 5-2 
30 4-4 4-4 4-7 4-9 
60 4-1 4-2 4-6 _ 
90 4-0 4-1 4-5 4-7 
Total uptake (umoles) 24 22 14 10 
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Table 3. Recovery experiments 


Uptake of L- and p-histidine by carrot slices, and the estimation of histidine recovered from the slices. Tissue (3 g. 
fresh wt.) was washed for 14 hr. before use, then incubated in 20 ml. of 5 mm solution (L-histidine) or 0-5 mm solution 


(p-histidine). pH: L-histidine, 4-0; p-histidine, 4-5. Temp. of water bath, 25°. 


Duration Initial 
of amount 

uptake present Uptake 
Amino acid (hr.) (umoles) (moles) 
L- Histidine 1 102 13-1 
L- Histidine 1 102 13-1 
p-Histidine 18 9-0 8-9 
p-Histidine 18 10-0 9-8 
L- Histidine 1 102 12-5 
L-Histidine 18 98 67 


activity, e.g. respiration, ion uptake. Similarly, the 
rate of removal of L-histidine from the solution was 
found to vary with the time of washing of the tissue 
after cutting. A batch of tissue was cut, samples 
were removed after different periods of washing, and 
the uptake of histidine was determined. Fig. 2 
shows that the amount of histidine removed by the 
tissue increased progressively for periods of washing 
up to about 100 hr., then decreased slowly. As the 
tissue was quite active after washing for 12—16 hr., 
subsequent experiments were done with slices 
washed overnight—unless otherwise stated. 


Effect of buffers and pH 


The effect of buffering the histidine solutions was 
examined with a range of pH values, 20 mm 
phosphate buffer being used to give initial pH values 
of 5, 6, 7 and 8 (Table 2). It was found that the 
removal of histidine was greatest in the lowest pH 
range, decreasing markedly as the initial pH was 
raised from 5 to 7. (It may be of interest that the 
pH range 5-7 corresponds to the buffer range of the 
imidazole N of histidine pK 6-1.) However, as the 
rate of removal of L-histidine was much greater 
from solutions which were not buffered, in all 
subsequent experiments the solutions used con- 
tained histidine hydrochloride only, the initial pH 
being 3-9-4-0 (5mm solution) or 4:5 (0-5m™ 
solution). 

Recovery experiments 


It was necessary to know whether the histidine 
taken up was metabolized or concentrated by the 
tissue. 

Tissue samples were allowed to take up histidine, 
removed from the incubating solution, washed in 
10 ml. of distilled water for 60 sec., and dispersed, 
first by a loose-fitting and then by a tight-fitting 
glass homogenizer, in about 20 ml. of distilled water. 
The dispersion was made up to a known volume with 
distilled water and trichloroacetic acid added to 
give a final concentration of 5% (w/v). It was then 
shaken, allowed to stand for 10 min., and centri- 


Amount Total 
present in recovery 
Recovery Recovery medium and from tissue 
from from washing Total and 
tissue tissue fluid recovery medium 
(umoles) (%) (umoles) (ymoles) % 
12-7 97 — _ _— 
12-5 96 - — — 
8-6 97 — _ — 
9-5 97 — —_ — 
12-3 99 89-0 101 99 
69 103 28-0 97 99 


fuged to remove solid matter. After two washings, 
each with 20 ml. of distilled water, the histidine con- 
tent of the clear supernatant fluids was determined. 
Table 3 shows that the recoveries of both L- and p- 
histidine (by the colorimetric method used) were 
96-103 % of the amount disappearing from the 
medium, these figures being corrected for a small 
blank (0-5-1-3 umoles) from the same amount of 
tissue not exposed to histidine solutions. The 
optical configuration of the histidine recovered 
after uptake was not investigated. Chromatography 
of tissue extracts after uptake showed a strong spot 
in the position of histidine. As a consequence of 
these experiments, the removal of the amino acid 
from the external solution could be equated with 
accumulation by the tissue. 


Concentration ratios established by the tissue 


Carrot slices were placed in solutions of L- 
histidine with concentrations varying from 50 to 
0-5 mm. As shown in Table 4, the percentage of the 
total histidine disappearing after a given time (and, 
therefore, the quotient ‘internal’ conen./‘external’ 
conen.) increased as the concentration of histidine 
initially in the medium was decreased. Hence in 
subsequent experiments the removal of histidine 
was studied at the lower concentrations—usually 
5 or 0-5 mM. 


Effect of 2:4-dinitrophenol and cyanide 


The effect of various concentrations of dinitro- 
phenol was investigated. Dinitrophenol at 10-* and 
10-*m produced some inhibition of uptake, but at 
10-4m a marked inhibition occurred; this concen- 
tration was used in all subsequent work. 

Fig. 3 shows that the gross uptake consisted of two 
distinct processes. The first involved the rapid 
uptake of amino acid from the solution—at a 
concentration of 5 mm, 60-70 % of the uptake over 
the first 30 min. occurred in the first 3 min.—and 
was not affected by dinitrophenol. Pre-incubation 
of the tissue in dinitrophenol for periods of 0-60 min. 
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Table 4. Concentration gradients established by the tissue 


Uptake of L-histidine by carrot slices. Tissue (3 g. fresh wt.; water content, 2-76 g.) washed for 21 hr. before use, and 
incubated in solutions (20 ml.) of different concentrations. Temp. of water bath, 25°. The ratio of concentrations has been 
determined with allowance for the withdrawal of samples for analysis (0-5 ml. in Expts. 1-4 and 1-0 ml. in Expt. 5). All 


experiments were done with tissue from the same carrot. 


Duration 
of uptake 
(hr.) 
0-5 
1-0 
6-0 
0-5 
1-0 
6-0 
0-5 
1-0 
6-0 
0-5 
1-0 
6-0 


Initial 
conen. 
(mm) 


] 49-0 


Expt. 
no. 


3 10-0 


or 
L 


0-5 
1-0 
6-0 


30 


N 
oO 


Uptake (umoles) 


_ 
oO 





0 20 40 60 80 
Time (min.) 


100 120 

Fig. 3. Etfect of 2:4-dinitrophenol (10-‘m) on uptake of 
L-histidine; (a) control; (6) plus 2:4-dinitrophenol. Tissue 
(3 g. fresh wt.) washed for 12 hr. before use, then incu- 
bated in 20 ml. of the appropriate solution. Initial conen. 
of L-histidine, 5-O mm. Initial pH, 4-0. Temp. of water 
bath, 25°. 


did not affect the shape of this part of the uptake 
curve. The rate of uptake increased with the surface 
area of the tissue (see Table 1), and dinitrophenol 
had no effect on this first phase of uptake. It seems 
likely, therefore, that the initial rapid uptake is one of 
physical equilibration of the histidine in the medium 
with the intercellular fluids and with adsorption sites 
on the cell surfaces. Similar findings for the uptake 
of inorganic ions are reported by Robertson (1944), 
tobertson & Turner (1945) and Butler (1953). 


Conen. in 


medium Uptake Internal conen. 

(mm) (umoles) External concn. 
47-5 30 0-2 
46-9 40 0-3 
45-5 69 0-6 
23-3 34 0-5 
23-0 39 0-6 
21-6 66 1-1 
9-0 20 0-8 
9-1 19 0-8 
8-0 39 1-8 
4-4 12 1-0 
4-2 16 1-4 
3-2 35 4-0 
0-34 3-2 3-4 
0-29 4-0 5-0 
0-02 9-0 163-0 


~~ 
Oo 


Release (jzmoles) 





20 

0 60 120 180 240 
Time (min.) 

Fig. 4. Release of L-histidine, previously accumulated by 
tissue, into (a) water and (b) dinitrophenol (10-‘m). 
Tissue (3 g. fresh wt.) washed for 18 hr. before use, then 
incubated in 20 ml. of the appropriate solution. Temp. of 
water bath, 25°. 


After this initial rapid removal of histidine, a 
second slower process of ‘active’ uptake began in 
the system; in the presence of dinitrophenol this 
latter uptake was very markedly reduced (Fig. 3). 
With low concentrations of histidine and a long 
incubation period in the presence of dinitrophenol 
there was, however, some resumption of uptake. 
The addition of sodium cyanide (10-*m, adjusted to 
pH 5) also completely inhibited the active phase of 
uptake. 
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The inhibition of uptake by dinitrophenol and 
cyanide suggests that provision of useful energy 
from respiration (oxidative phosphorylation) is 
necessary for active uptake to occur. 

Further information about the energy require- 
ments of the uptake process was obtained by a series 
of experiments on the release of L-histidine pre- 
viously taken up by the slices. Tissue samples were 
allowed to take up L-histidine, removed from the 
incubating solution, blotted, washed for 1 min. in 
distilled water, blotted again and further incubated 
in 20ml. of water or of dinitrophenol (10-*m) 
(Fig. 4). Histidine released into water was taken up 
again, the rate of uptake exceeding the rate of 
release after about 30min. In contrast to the 
results with water, histidine continued to be 
released into the dinitrophenol solution and was not 
taken up again. 


Effect of inorganic ions and amino acids 
on the process of uptake 


The uptake of t-histidine at 0-5 mm concentration 
was inhibited by the presence of 0-5 and 5-0 mm 
phenylalanine in the medium, the inhibition being 
90 % at the higher concentration. Fig. 5 shows the 
results of a series of experiments to investigate the 
effect of L- and D-phenylalanine and potassium 
chloride on the uptake of t-histidine. The initial 
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Fig. 5. Effect of L- and p-phenylalanine and potassium 
chloride on the uptake of t-histidine. Initial concen. of all 
three amino acids and potassium chloride 5-0 mm; 
(a) t-histidine; (6) u-histidine plus p-phenylalanine; 
(c) L-histidine plus potassium chloride; (d) L-histidine 
plus L-phenylalanine. Tissue (3 g. fresh wt.) washed for 
14hr. before use and then incubated in 20 ml. of the 
appropriate solution. Initial pH of all soiutions, 5-0. 
Temp. of water bath, 25°. 
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rapid uptake was not inhibited, but the inhibition of 
active uptake of t-histidine was greater in the 
presence of L-phenylalanine than with p-phenyl- 
alanine. Later work has shown that while potassium 
chloride always inhibits, the effect in some carrot 
tissue was confined to the initial rather than the 
final stage of uptake. t-Arginine and L-aspartic 
acid, at 5 mm concentration, inhibited the uptake of 
L-histidine (at the same concentration) by 50 and 
60% respectively. The inhibition produced by 
phosphate buffers has been mentioned previously. 

Histidine and arginine can be estimated inde- 
pendently by the methods used, and it was possible 
to investigate the uptake of these amino acids singly 
and together. The results from such an experiment 
are shown in Table 5. From the figures given it can 
be seen that L-histidine and L-arginine each inhibits 
the uptake of the other. Further, the sum of the 
amounts of u-histidine and L-arginine taken up 
from a mixed solution (5 mm with respect to each 
amino acid) was close to the mean of the amounts 
taken up from single solutions of these amino acids 
(both 10 mmo). It seems likely, therefore, that com- 
petition for a common mechanism of uptake is 
responsible for the mutual inhibition by these two 
amino acids. 


Uptake of p-histidine 


In order to learn more of the mechanism involved, 
the uptake of D- and t-histidine was compared. It 
was found that: (i) The length of the period of 
washing of the tissue influenced the uptake of D- 
histidine in the same way as it did for the L-isomer, 
i.e. uptake was greatest after washing for about 
100 hr. (ii) Quantitative recovery of D-histidine 
(by the colorimetric method used) from the tissues 
was found as for the L-isomer. (iii) Dinitrophenol 
reduced uptake in the same way (Fig. 6). (iv) The 
rate of uptake was less for p- than for t-histidine, 
although from 0-5 mM solutions of D-histidine the 


Table 5. Uptake of amino acids from 
single and mixed solutions 


Uptake of L-arginine and L-histidine by carrot slices from 
single and mixed solutions. Tissue (3g. fresh wt.) was 
washed for 14hr., then incubated in 20 ml. of the appro- 
priate solution. Initial pH, 5-0 (in all flasks). Duration of 


5° 


uptake, 300 min. Temp. of water bath, 25°. 


Conen. of external solution 


(mm) Total 
————_ uptake 
Amino acid Initial Final (umoles) 
L- Histidine 10-0 6-9 62 
L-Arginine 10-0 7-8 44 
L-Histidine 5-0 3-8 26 
plus; 52 
L-Arginine } 5-0 3-8 26) 
L-Arginine 5-0 3-1 38 
L-Histidine 5 2-6 48 
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Uptake of amino acids 


Uptake of all amino acids by 3 g. (fresh wt.) of tissue, incubated in 20 ml. of solution. Conen. of all solutions was 5 mm. 
Initial pH of solutions, 5-0. Temp. of water bath, 25°. Dinitrophenol (DNP), 10-4m. 


Duration of 


washing uptake 

Amino acid (hr.) (min.) 
Phenylalanine 250 350 
300 420 
400 320 
Valine 30 300 
100 300 
Leucine 70 300 
200 300 
350 300 
Glutamic acid 200 350 
250 260 
200 540 
Arginine 300 300 


Uptake (jumoles) 





0 100 200 300 400 
Time (min.) 

Fig. 6. Effect of 2:4-dinitrophenol (10-*M) on the uptake of 
L- and p-histidine. Initial conen. of L- and p-histidine 
0-5 mm; (a) L-histidine, (b) D-histidine, (c) L-histidine and 
dinitrophenol, (d) p-histidine and dinitrophenol. Tissue 
(3 g. fresh wt.) washed for 14 hr. before use and then 
incubated in 20 ml. of the appropriate solution. Initial 
pH, 4-5. Temp. of water bath, 25°. 


concentration in the medium was again reduced to 
the limit at which it could be detected. 


Uptake of other amino acids 


Histidine and arginine were estimated by the 
specific methods discussed earlier. The other amino 
acids were estimated manometrically by the 
chloramine T method. Table 6 shows that dinitro- 
phenol always markedly inhibited the uptake of 
both the L- and D-amino acids, and that the L- 
isomer was sometimes, but not always, taken up at 
a faster rate than the p-isomer. 

Table 7 shows that, with the same sample of 
tissue, some amino acids were taken up at a similar 
rate (e.g. L-alanine and L-isoleucine), whereas others 
(e.g. L-aspartic acid and L-lysine) were taken up at 
quite different rates. 


Duration of 


Uptake (moles) 








Co oo? 
L-Isomer p-Isomer 
wf sn \ C — \ ! 
Control Control 
Control +DNP Control +DNP 
33 6 ae ee 
47 16 48 14 
37 7 36 4 
41 8 44 1 
60 1 65 4 
24 3 16 — 
29 7 32 3 
34 9 47 5 } 
30 -2 — — 
28 -8 — — 
60 14 — — 
40 23 — — 


Table 7. Comparison of uptake of pairs 
of amino acids 


Uptake of amino acids by 3g. (fresh wt.) of tissue, 
incubated in 20 ml. of solution. Conen. of all solutions, 
5mm. Initial pH of solutions was adjusted to 5-0. Dura- 
tion of uptake, 300 min. Temp. of water bath, 25°. Dini- 
trophenol (DNP), 10-4m. 


Uptake 
(umoles) 
Duration —<$<——_, 
Tissue of washing Control 
sample (hr.) Amino acid Control +DNP 
1 300 Alanine 34 2 
Isoleucine 37 3 
2 96 Aspartic acid 32 2 
Lysine 21 6 
3 216 Aspartic acid 47 - 29 k 
Lysine 24 -1 
4 300 Aspartic acid 47 — 36 
Lysine 19 —18 
5 50 Proline 44 2 
Hydroxyproline 41 1 
DISCUSSION 


The results presented above show that amino acids 
are taken up from a suitable medium by slices of 
carrot tissue, and that the process results in a con- 
siderable concentration of the amino acids inside the 
tissue. As it is inhibited by dinitrophenol and 
cyanide, it is likely that this process of uptake 
requires a supply of energy just as do similar systems 
in certain bacteria (Gale, 1954) and animal tissues 
(Christensen & Riggs, 1952; Agar, Hird & Sidhu, 
1954). 

It has been shown (Butler, 1953) that the uptake 
of chloride, potassium and phosphate by wheat 
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roots is inhibited by dinitrophenol; and that the 
uptake of chloride by carrot disks is inhibited by 
dinitrophenol and other respiratory inhibitors 
(Robertson, Wilkins & Weeks, 1951). In addition, 
these latter workers showed that the release of 
electrolyte accumulated by slices of carrot is in- 
creased by dinitrophenol. There are, therefore, close 
similarities between the uptake of inorganic ions in 
these systems and the uptake of amino acids by 
slices of carrot. Further, potassium chloride and 
potassium phosphate inhibit the uptake of L- 
histidine by this tissue. It is, therefore, possible that 
in carrot tissue inorganic ions and amino acids are 
taken up by the same mechanism. In contrast, 
Arisz (1953) found that phosphate does not interfere 
with the movement of asparagine along the 
tentacles of Drosera. 

The carrot and bacterial systems seem to remove 
amino acids completely from the external medium, 
whereas the animal systems establish a concentra- 
tion difference with a steady state between amino 
acids in the tissue and the medium. Further, the 
plant system studied above does not show the same 
high specificity for uptake of the L-isomers of the 
amino acids as do certain animal systems (Agar et al. 
1954; Christensen, Riggs, Fischer & Palatine, 1952). 
For this reason there seems to be a difference 
between plant and animal systems. 


SUMMARY 


1. The conditions determining the uptake of 
amino acids by slices of carrot have been investi- 
gated. 

2. Slices of carrot take up amino acids from the 
medium and establish a large concentration gradient 
in favour of the tissue. The process of uptake of both 
p- and L-isomers is inhibited by 2:4-dinitrophenol 
and by cyanide. The process, therefore, requires 
energy from respiration. 


UPTAKE OF AMINO ACIDS BY CARROT SLICES 311 


3. The rate of uptake of L-histidine was greater 
than that of D-histidine, although for phenylalanine, 
valine and leucine there was usually no significant 
difference between the amounts of the optical 
isomers taken up during 5 hr. 

4. The inorganic salts potassium chloride and 
potassium phosphate (solutions at pH 6-0—8-0) 
inhibited the uptake of t-histidine. L-Histidine and 
L-arginine mutually inhibit the uptake of each other. 


One of us (L.M.B.) held the Sir John and Lady Higgins 
Research Scholarship from the University of Melbourne 
during the course of this investigation. 
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The Volatile Fatty Acids of Bovine-Muscle and -Liver Phospholipids 


By J. C. HAWKE 
Fats Research Laboratory, Department of Scientific and Industrial Research, Wellington, New Zealand 


(Received 3 February 1956) 


It has long been known that C,-C,, volatile fatty 
acids with an even number of carbon atoms normally 
occur to the extent of approximately 6 % by weight 
in the glycerides of milk fats (Hilditch, 1947), and 
more recently [James & Popjak, unpublished 


observations quoted by Popjaék (1952)] this series 
has been extended to include acetic acid. Larger 
amounts of C,-C, saturated volatile fatty acids 


(12-9 % by weight) occur in the triglycerides of the 
female reproductive organs of Ascaris lumbricoides 
(Fairbairn, 1955). 

The development of a suitable micro-analytical 
technique for determining volatile fatty acids 
(James & Martin, 1952) has made possible the 
detection of smaller amounts of these acids in lipids 
from other sources, and it has already been shown 
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that acetic and propionic acids are present in the 
glyceride fat of liver [James & Popjak, unpublished 
observations quoted by Popjak (1952)]. A con- 
secutive series of volatile fatty acids from C, to Cy 
has been found in ox perinephric fat (Hansen & 
McInnes, 1954), and with analyses of mutton fat 
this series has been extended to include formic, 
isobutyric, isovaleric and a-methylbutyric acids 
(McInnes, Hansen & Jessop, 1956). 

Available analyses of animal phospholipids 
(Hilditch, 1947) indicate that the component fatty 
acids are 16 carbon atoms or more in chain length, 
although small amounts of n-tetradecanoic and 
n-tetradecenoic acids were found in ox-liver phos- 
pholipids (Hilditch & Shorland, 1937). However, 
Stevens & Chaikoff (1951) fed “C-labelled dode- 
canoic and tetradecanoic acids to rats and found 
that these fatty acids can be incorporated into the 
phospholipid molecule. An analysis of bovine- 
muscle phospholipids (Hawke, 1955) showed the 
presence of small amounts of volatile fatty acids, 
and this work, now described in detail, has been 
extended to include the volatile fatty acids of 
bovine-liver phospholipids. 


EXPERIMENTAL 
Methods 


Total nitrogen. Total N was determined by the micro- 
Kjeldahl method described by Ma & Zuazaga (1942). 

Phosphorus. Phosphorus was determined after digestion 
with HClO, by the method of Allen (1940). 

Amino nitrogen. Amino N was determined in the acid 
hydrolysate by the Van Slyke manometric method after 
removal of the fatty acids by extraction with light petroleum. 

Choline. Choline was determined by the colorimetric 
method described by Entenman, Taurog & Chaikoff (1944) 
after hydrolysis of the fat with saturated Ba(OH), (Glick, 
1944). 

Sphingosine and dihydrosphingosine. Sphingosine and 
dihydrosphingosine were determined according to the 
method of McKibbin & Taylor (19496) except that the acid 
hydrolysate of the phospholipid was evaporated to dryness 
under vacuum before extracting the sphingosine and di- 
hydrosphingosine with CHCI,. The CHCl, extract was then 
washed several times with water and the water washings 
were added to the hydrolysate insoluble in CHCl,. Clear 
CHCl, extracts were obtained without recourse to centri- 
fuging. Sphingosine and dihydrosphingosine were deter- 
mined in the CHCl, extract as N. 

Volatile fatty acids. These were determined by the 
chromatographic procedure of James & Martin (1952) after 
hydrolysis of the phospholipids. 

Muscle phospholipid (24-22 g.) was hydrolysed by re- 
fluxing in a stream of N, with 100 ml. of ethanol containing 
1% (v/v) of H,SO,, and then with approx. 13% (w/v) KOH 
in ethanol, for 3 and 5 hr. respectively. After removal of the 
unsaponified material by extraction with ether, the hydro- 
lysate was acidified with dilute H,SO, and the volatile fatty 
acids were separated from the higher fatty acids by steam- 
distillation, 13-5 g. of non-volatile fatty acids remaining. 
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The ethanol used in the hydrolyses had been refluxed with 
KOH and freshly distilled. The steam-volatile material was 
neutralized with 2-17 m-equiv. of alkali and the soaps were 
concentrated to approx. 1-Oml., but owing to the presence of 
higher fatty acids the soaps became solid at room temper- 
ature. The soaps were redissolved in water, MgSO, was 
added, and the mixture acidified and redistilled by the 
procedure suggested by Friedemann (1938). The volatile 
fatty acids were neutralized with 0-1 N-NaOH, and when the 
soaps were concentrated to 1-0 ml. they remained in solution 
at room temperature. In each analysis 0-1 ml. of soap was 
acidified and applied to the gas-liquid chromatogram (see 
Table 5) by the method suggested by James & Martin (1952). 

Liver phospholipid (37-0 g.) was hydrolysed in the above 
manner, and after removing the ethanol the unsaponified 
material (0-3 g.) was extracted with ether in the usual way. 
The soaps were acidified with dilute H,SO, and steam- 
distilled. The steam distillate (approx. 1 1.) required 1-78 m- 
equiv. of alkali for neutralization; 1-22 m-equiv. of alkali 
was required after a Friedemann distillation had been 
carried out. 

In chromatographing the volatile fatty acids from liver 
phospholipids a different technique was used in applying the 
acids to the column. The sodium soaps of the volatile fatty 
acids were concentrated to 7-0 ml., and 2-5 ml. of this soap 
solution was evaporated to dryness at 90° in an extraction 
vessel (McInnes, 1956). Sodium-dried and distilled ether 
(2 ml.) was added to the dry soaps, which were then acidified 
with 0-3 ml. of 4n-KHSO,. Anhydrous Na,SO, (1-0 g.) was 
added, the mixture thoroughly ground, and the ether 
decanted into a 5ml. flask. Extractions with smaller 
volumes of ether were repeated several times, with grinding 
at each extraction, and the extracts made up to 5 ml. 

Portions of the ether extract were applied to a modified 
chromatogram tube (McInnes, 1956) by means of an Agla 
micrometer syringe. Formic and acetic acids were deter- 
mined with 0-15 ml. of the ether extract, and the other 
volatile acids were determined with 0-5-1-0 ml. of the ether 
extract. 

The columns, packed into a tube of 2 mm. internal 
diameter, consisted of 5-0 g. of Celite 545 (Johns Manville 
Co. Ltd.) with 2-0g. of silicone MS550 (Hopkin and 
Williams Ltd.) containing 0-2 g. of stearic acid as the liquid 
phase. The acids from formic to valeric were determined at 
100°, and the acids from «-methylbutyric to nonanoic were 
determined at 137°. 

The failure to detect volatile fatty acids higher than C, 
was probably due to the trouble encountered when operating 
the chromatograms for long periods at 137°. The columns 
were not stable at this temperature, and owing to loss of 
stearic acid from the columns the indicator solution in the 
titration cell became extremely turbid after several hours. 
This affected the sensitivity of the titration of the volatile 
fatty acids with higher molecular weights in particular, and 
this fact, together with the loss of column efficiency, would 
probably mean that small amounts of acid would not be 
titrated. In an attempt to overcome this, the stearic acid in 
the liquid phase was replaced by arachidic acid, and 
although much less arachidie acid was stripped from the 
column and the titration cell became much less turbid, the 
resolving power, as measured by the separation of C.-C; 
acids, had decreased at the conclusion of a 14 hr. run, and 
consequently arachidic acid was not used in these experi- 
ments. It appears that loss of acid from the liquid phase is 
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not the only reason for the lower resolving power of the 
column after continuous operation at 137° for longer than 


10 hr. 
Materials 


Preparation of bovine-muscle phospholipid. Muscle 
(2085 g.) from the hind-quarter of a Jersey cow was trimmed 
free of all visible fat, finely minced and added to approxi- 
mately 151. of boiling ethanol. This stage was reached 
approximately 1 hr. after slaughter. 

The tissue was dried with ethanol and extracted with 
ethanol-ether mixtures (3:1 and 1:3, v/v) in a Soxhlet-type 
glass extractor. After these extractions the dry residue was 
ground in a Waring Blendor and re-extracted with ethanol- 
ether (1:3, v/v) for three days, which removed only 3-0 g. of 
material. The total extracts were combined and the solvent 
was removed. Ether was added to the extract and the 
warmed solution filtered through a Whatman no. 4 paper in 
a Biichner funnel. The soluble material weighed 734 g. The 
solvents used in the extraction and purification procedures 
had been purified in the laboratory. As far as possible 
operations were carried out in an atmosphere of N, and the 
extracted lipids kept in a vacuum between operations. 
Solvents saturated with N, were used in the chromatographic 
procedures and the columns were operated under a slight N, 
pressure. 

Purification of lipid extract. Numerous washing pro- 
cedures designed to remove impurities soluble in water from 
the solvent extracts of tissue lipids are in common use, and 
the efficiency of one of these, that is, washing a solution of 
the crude extract in light petroleum several times with 
water (Shorland, Bruce & Jessop, 1952), was compared with 
two chromatographic methods which have been found 
effective for egg-yolk phospholipids (Lea & Rhodes, 1953). 
In the latter methods the impurities in the phospholipid 
were removed on a column of cellulose or cation-exchange 
resin (Zeo-Karb 215, the Permutit Co. Ltd., London). An 
impure phospholipid from bovine muscle, prepared in this 
laboratory, was applied to the columns as a 10% (v/v) 
CHCl, solution and the columns were eluted with CHCl, 
(80 vol.) equilibrated with ethanol (20 vol.) and water 
(2-5 vol.). 

Table 1 shows that partitioning between non-aqueous and 
aqueous phases on a cellulose column lowered the N:P ratio 
considerably more than extraction with water, although in 
subsequent experiments the N:P ratio of a different pre- 
paration of muscle phospholipid (Table 4) was not lowered 
to the same extent. The lower ratio after passing the crude 
phospholipid through a cation-exchange column may 
indicate that some decomposition has taken place, which 
is, perhaps, not unexpected, having regard to the acidic 
nature of the column. Assuming for the purpose of calcula- 
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tion that the N impurity (approximately 0-8%) was 
present as alanine, this would account for 5% of the 7% 
weight loss recorded in the purification by a cellulose- 
column. The weight loss, therefore, corresponded approxi- 
mately to the loss of contaminants. In later experiments the 
CHCl,-ethanol-water mixture was replaced by CHCl, 
equilibrated with water (Smith, 1954). 

The presence of amino acids as impurities in the extracted 
phospholipids was demonstrated by means of paper 
chromatography with the water-poor phase of CHCI,— 
ethanol-water (80:20:2-5, by vol.) as solvent (Bevan, 
Gregory, Malkin & Poole, 1951). The amino acids were 
detected as slow-moving spots by spraying with ninhydrin 
in butanol. These spots were not present when phospholipids 
that had been purified by cellulose were chromatographed 
on paper. 

Separation of glycerides and phospholipids. The ease of 
separation of glycerides and phospholipids varies according 
to the origin of the material, and it is possibly dependent 
upon the nature of the component fatty acids present. 
Whereas in the separation of glycerides and phospholipids in 
egg lipids, fractional precipitation at 0° in acetone and 
ethanol saturated with MgCl, is effective (Hawke & Lea, 
1953), in the present experiment a greater number of pre- 
cipitations resulted only in a partial fractionation. A 
further separation of glyceride and phospholipids was 
obtained with silicic acid. 

(a) Acetone fractionation. First, successive acetone 
separation made in the usual manner (cf. Shorland et al. 1952) 
gave two practically pure phospholipid and _ glyceride 
fractions (P, 3-9 and 0-03%, respectively) and a large 
mixed fraction containing approx. 8% of phospholipid (P, 
0-32 %) (Table 2). 

Further phospholipid was precipitated from an acetone 
solution of this mixture of glyceride and phospholipid by 
adding a few ml. of ethanol saturated with MgCl, (cf. 
Fairbairn, 1945). The Mg*+ and CI ions were removed from 
the precipitate by passing the lipid through a Bio-Demin- 
rolit column (2 parts of De-Acidite FF and 1 part of Zeo- 
Karb 225). The solvent used was CHCl,—water—ethanol 
(1:3:7, by vol.) (Macpherson, 1954). In the present case, 
however, not all the lipid precipitated by MgCl, was soluble 
in this solvert. The insoluble lipid was found to be almost 
pure glyceride and was added to the final glyceride fraction. 

The three fractions obtained from acetone fractionation 
weighed 107-4, 44-0 and 479-5 g. and contained 3-90, 2-23 
and 0-14% of P, respectively. 

(b) Separation on silicic acid columns. The fraction con- 
taining 2-23% of P (44-0g.) obtained from the above 
fractionation with acetone was passed through a column of 
activated silicic acid (chromatographic grade, L. Light and 
Co. Ltd.) according to the method of Borgstrém (1952) and 


Table 1. 


Purification of muscle phospholipids 


See Materials section for details. 


Before purification 











After purification 


Cc Ss n al. = 
N:P N:P Wt. 
N P atomic N P atomic recovered 
Method (%) (%) ratio (%) (%) ratio (%) 
Extraction with water 2-51 3-62 1-53 2-47 3-65 1-46 99-8 
Cellulose column 2-51 3-62 1-53 1-7: 3-79 1-01 93-0 
Cation-exchange resin 2-51 3-62 1-53 1-46 3-68 0-88 93-7 
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was separated into two fractions containing 1-03% of P 
(18 g.) and 3-04 % of P (26 g.). The latter fraction was added 
to the ‘phospholipid’ fraction obtained from the acetone 
fractionation, and this combined ‘phospholipid’ fraction 
was subsequently purified on silicic acid prepared in the 
laboratory from sodium silicate (Isherwood, 1946). 
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In one typical purification 28-12 g. of the phospholipid 
was added asa 10% solution in CHCl, to a column containing 
230 g. of silicic acid, and allowed to enter the column. 
A small volume of CHCl, was used to wash down the walls of 
the glass tube before elution was commenced. In order to 
obtain reasonable flow rates (1-2 ml./min.) 50 g. of Celite 


ee — — 


Table 2. Acetone fractionation of the glycerides and phospholipids of bovine muscle 


Muscle lipids (684-9 g.) 
9 vol. of acetone, boiled 
and cooled to 20° 





Insoluble 
4 vol. of acetone, 


boiled and cooled to 20° 





Insoluble Soluble 
4 vol. of acetone, cooled to 
boiled and cooled —6° 
to 20° 
Insoluble Soluble Insoluble Soluble 
1 2 3 4 


Insoluble fractions 3, 5 and 7 combined 


4 vol. of acetone, cooled to 20° 


Insoluble 


‘Phospholipid’ 
(107-4 g., 39% of P) 


Insoluble 


Soluble 
cooled to — 6° 


Insoluble Soluble 
4 vol. of acetone, 
boiled and cooled 

to —6° 





Soluble Insoluble Soluble 
5 6 7 8 


Soluble fractions 2, 4, 6 and 8 combined 


Soluble 


561-5 g. (0-309 % of P) 
cooled to 0° 
in-acetone 





Insoluble in acetone at 0° 
sol. at 20° (85-9 g., 0-03 % of P) 


Insoluble 






Soluble (0-32 % of P) 

6 1. of acetone 

+6 ml. of satd. MgCl, 
in ethanol 


Soluble 
3 1. of acetone 
+6 ml. of satd. MgCl, . 


Soluble 
(0-216 % of P) 
2 1. of acetone 
+6 ml. of satd. MgCl, 
in ethanol 


Insoluble 


Soluble 
(393-6 g., 
0-16 % of P) 


Insoluble 





Bio-Deminrolit 


column 


Mixed fraction 


(440 g., 2-23 % of P) 





‘Glyceride’ 
(479-5 g., 0-14 %, of P) 
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545, which had been washed with cone. HCl, was mixed 
with the silicic acid, and the column packed as a slurry in 
CHCI,. The column was operated under a slight pressure of 
N,. Elution of the column with CHCl, gave 3-08 g. of lipid 
(10-97% of the original sample). Further elution with 
methanol gave 24-22 g. of lipid (86-1% of the original 
sample). No phosphorus was detected in the CHCl, eluate, 
and the methanol eluate contained 3-91% of P. The final 
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product was a golden-brown solid which gave at room 
temperature a slightly cloudy solution with light petroleum 
and a clear solution with ethyl ether. 

Preparation of bovine-liver phospholipid. Trimmed bovine 
liver (6575 g.) from a 5-year-old Aberdeen Angus—Hereford 
ox that had been fasted for several days was finely minced 
and placed in 111. of boiling ethanol. This stage was 
reached approximately 1 hr. after slaughter. Refluxing was 


Table 3. Scheme for the fractionation of the glycerides and phospholipids of bovine liver 


Liver lipid (57-5 g.) 
9 vol. of acetone, boiled 
and cooled to 20° 





Insoluble 
boiled in 
4 vol. of acetone and 
cooled to 20° 





Soluble 


Insoluble 






Boiled in 
4 vol. of acetone and 
cooled to 20° 





Insoluble Soluble 





Soluble 
cooled to 0° and 
then warmed 


to 30° 





Insoluble Soluble 













Cooled to 0° 
and then warmed 
to 30° 






Insoluble Soluble 





a i 


[ 





Dissolved in minimum 
vol. of ether and 
9 vol. of acetone added 





Insoluble Soluble 
(37-5 g., 


2-88 %, of P) 








Column of 
activated 
silicic 

acid (270 g.) 






Methanol 
eluate 
(33-0 g., 3-1 % of P) 


CHCl, 


eluate 








18-0 g., 0-49 % of P 








Column of 
activated 
silicic 


acid (15 g.) 


CHCl, Methanol 
eluate eluate 
(5-0 g., 


2-0 % of P) 


16-6 g., 0-165 % of P 
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continued for 1 hr., and then the ethanol was removed under 
vacuum. After cooling, the partially dried liver was re- 
minced. 

Twelve solvent extractions were made. At each stage the 
minced liver was shaken with solvent at room temperature 
for approximately 4 hr., and then allowed to stand over- 
night. The solvent was separated from the liver tissue by 
filtration through Whatman no. 1 paper in a Biichner funnel. 
The first four extractions were made with 95% ethanol 
(approx. 3 1.), the next three with ethanol-ether (3:1, v/v), 
the next three with ethanol-ether (1:3, v/v) and the final 
two with ether alone. 

The extracted lipid was purified on a cellulose column in 
an atmosphere of N, with CHCl, equilibrated with water as 
eluting solvent. This purification reduced the N content from 
2-29 to 1-69% and the N:P atomic ratio from 2-19 to 1-61. 

Separation of glycerides and phospholipids. The procedure 
adopted was similar to that used to separate glyceride and 
phospholipids from bovine muscle, except that the use of 
MgCl, in acetone was discontinued. The scheme in Table 3 
outlines the method used for the separation of glycerides 
and phospholipids in bovine liver. This method was adopted 
in the light of experience gained in the separation of 
glycerides and phospholipids in bovine muscle. The final 
product was a brown solid which had a solubility similar to 
that of muscle phospholipid in both light petroleum and 
ethyl! ether. 


RESULTS AND DISCUSSION 


Composition of the bovine-muscle and 

bovine-liver phospholipids 
The muscle tissue consisted of 3-2% of lipid, of 
which 0-57 % was phospholipid, whilst the bovine 
liver had 6-9 % of lipid, of which 3-99 % was phos- 
pholipid. Table 4 gives the composition of the 
phospholipids in terms of the components contain- 
ing nitrogen which were obtained after hydrolysis. 
It can be calculated that phosphatidylcholine, 
phosphatidylethanolamine plus phosphatidylserine, 
and sphingomyelin formed, respectively, 56, 32 and 
12 moles % of the identified nitrogen of the muscle 
phospholipid; the same components formed, 
respectively, 58, 24 and 18 moles % of the identified 
nitrogen of the liver phospholipid. The nature of the 
‘excess’ nitrogen is not known, but it cannot be 
amino nitrogen and therefore would probably not 

be detectable with a ninhydrin spray. 
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The only figures available for the phospholipids 
of bovine muscle (Kaucher, Galbraith, Button & 
Williams, 1943) give 55-9-57-8% for lecithin and 
36-4-37-4% for ‘kephalin’. In livers of dogs 
(McKibbin & Taylor, 1949a) and rats (Artom, 1945) 
the choline N: total N ratios were 0-449-0-639. 


Volatile fatty acids of muscle and 
liver phospholipids 


In muscle phospholipids the normal volatile fatty 
acids from C, to C, (excluding C,) and zsovaleric acid 
were present (Table 5), whereas in liver phospholipids 
the normal acids from C, to C,, tsobutyric, isovaleric, 
«-methylbutyric and an unidentified acid, having 
an R, value between those of n-hexanoic and n- 
heptanoic acids, were present (Table 6). The volatile 
fatty acids formed a larger proportion of the total 
fatty acids in liver than in muscle, and this may 
account for the wider range of acids identified in the 
former. The volatile fatty acids comprised 0-68 and 
1-28 moles % of the total fatty acids in muscle and 
liver phospholipids, respectively. 

In the present work, as well as in several recent 
studies, e.g. on blood lipids (Annison, 1954) and 
depot fat (McInnes e¢ al. 1956), an appreciable pro- 
portion of the volatile fatty acids is formic acid 
(28-7 moles % and 24:-7moles % in liver and 
muscle, respectively). 

Animal glycerophospholipids from many species 
and tissues are characterized by the presence of 
appreciable and often very high proportions of Cy» 
and C,, highly unsaturated acids, e.g. see Lovern & 
Olley (1953), whereas these acids frequently appear 
to be absent from the corresponding depot fats. 
Moreover, Sinclair (1935) demonstrated the presence 
of a selective mechanism in rats for the incorpora- 
tion and retention of highly unsaturated fatty acids 
in phospholipids. 

Hilditch & Maddison (1941) concluded that 
volatile fatty acids were absent from the phospho- 
lipids of milk fats, whereas it was already known 
that appreciable proportions of volatile fatty acids 
are present in the fatty acids of the triglycerides. 
It appeared probable, therefore, that the low-mole- 
cular-weight acids were selectively excluded from 


Table 4. Composition of bovine-muscle and bovine-liver phospholipids 


N P 

Phospholipid source (% (%) 
Bovine muscle 2-38 3-91 
Bovine liver 2-26 3-10 


Amino N 


Choline N 


N:P Choline N 

atomic ratio (%) Identified N 
1-35 1-04 0-62 
1-61 1-02 0-67 


Amino N Sphingosine N 


Sphingosine N 


Phospholipid source (%) Identified N (%) Identified N 
Bovine muscle 0-54 0-32 0-11 0-06 
Bovine liver 0-36 0-24 0-13 0-09 
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the animal phospholipids. However, the present 
work shows that the amounts of volatile fatty acids 
in animal phospholipids and animal depot fats 
(McInnes et al. 1956) are of the same order. It is 
already known (Stevens & Chaikoff, 1951) that 
dodecanoic and tetradecanoic acids can be in- 
corporated into tissue phospholipids when fed to 
rats. This shows that these acids can be utilized in 
the synthesis of phospholipids, and now it has been 
found that trace amounts of the volatile fatty acids 
do in fact form natural constituents of the tissue 
phospholipids. It is probable that a reinvestigation 
of the phospholipids of milk fat by the techniques 
now available would establish the presence of 
volatile fatty acids. 

In considering the possible source of the volatile 
fatty acids in ruminants, Annison & Pennington 


Table 5. Volatile fatty acids in phospholipids 
of bovine muscle 


In 13-5 g. of fatty acids (mean mol.wt. 279-5) there were 
present 400py-equiv. of volatile fatty acids. Results are 
calculated for 2-42 g. of muscle phospholipids. 


Moles 

Moles of acid of acid 

Amount (% of fatty (% of 

present acids of volatile 

Acid (p-equiv.) phospholipids) fatty acids) 

Formic 9-91 0-168 24-7 
Acetic 21-65 0-367 54-0 
Propionic 1-70 0-029 4-2 
n-Butyric 0-99 0-017 2-5 
isoValeric 0-43 0-007 1-1 
n-Valeric 0-14 0-002 0-4 
n-Hexanoic 1-13 0-019 2-8 
n-Octanoic 4-10 0-069 10-4 


Volatile fatty acids in phospholipids 
of bovine liver 


Table 6. 


In 26-6 g. of fatty acids (mean mol.wt. 283-7) there were 
present 1188 y-equiv. of volatile fatty acids. Results are 
calculated for 2-64 g. of liver phospholipids. 


Moles Moles 

of acid of acid 

Amount (% of fatty (% of 

present acids of volatile 

Acid (u-equiv.) phospholipids) fatty acids) 

Formie 24-54 0-367 28-7 
Acetic 51-31 0-768 60-0 
Propionic 5°38 0-081 6-3 
isoButyric 0-52 0-008 0-6 
n-Butyric 0-52 0-008 0-6 
isoV aleric 0-62 0-009 0-7 
n-Valeric 0-46 0-007 0-5 
a-Methylbutyric 0-34 0-005 0-4 
n-Hexanoic 0-57 0-009 0-7 
Unknown 0-23 0-003 0-3 
n-Heptanoic 0-17 0-003 0-2 
n-Octanoic 0-60 0-009 0-7 
n-Nonanoic 0-28 0-004 0-3 


VOLATILE ACIDS OF PHOSPHOLIPIDS 317 


(1954) working with sheep’s rumen have shown that 
volatile fatty acids present in the rumen can be 
absorbed into the blood, and it is presumed that 
these acids will be, in part at least, utilized in the 
tissues. 


SUMMARY 


1. Animal lipids have been separated into 
glycerides and phospholipids by acetone precipita- 
tion and chromatographic methods. 

2. It has been shown by means of gas-liquid 
chromatography that the volatile fatty acids com- 
prise 0-68 and 1-28 moles % of the total fatty acids 
in bovine-muscle and bovine-liver phospholipids, 
respectively. 

3. In muscle phospholipids all the normal acids 
from C, to Cz, except C;, have been detected. In 
addition, zsovaleric acid was present. 

4. All the normal acids from C, to C,, and, in 
addition, isobutyric, isovaleric and «-methy]l- 
butyric acids, have been detected in liver phospho- 
lipids. 


The author wishes to thank Dr F. B. Shorland for his 
interest in this work. 
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The Effect of Organic Solvents on Mammalian Histidine Decarboxylase 


By N. G. WATON* 
Department of Pharmacology, University of Edinburgh 


(Received 16 November 1955) 


Mammalian histidine decarboxylase has been 
described by Werle and his colleagues (Werle, 1940, 
1942; Werle & Heitzer, 1938; Werle & Herrmann, 
1937: Werle & Krautzun, 1938; Werle & Koch, 1949) 
and by Holtz (1941; see also Holtz & Credner, 1944). 
This enzyme is present in certain mammalian 
tissues and may be responsible for the formation of 
histamine from histidine absorbed into the circula- 
tion from the gut. Its distribution and possible 
significance in tissue metabolism have been dis- 
cussed by Waton (1956). 

While testing for potentiators of the histidine- 
decarboxylase activity of rabbit-kidney tissue, 
Waton (1956) found that chloroform and benzene 
considerably increased histamine production from 
histidine. Enzyme potentiation by an organic 
solvent has been described for the choline acetylase 
of brain tissue. Stedman & Stedman (1939), 
Mann, Quastel & Tennenbaum (1939) and Feldberg 
(1945) reported that formation of acetylcholine by 
ox and rat brain was greatest when the incubation 
medium was 100% ether or chloroform. In the 
present case, the potentiation of histidine-de- 
carboxylase activity was produced in an aqueous 
medium containing only a trace of organic solvent. 
Experiments were therefore performed to elucidate 
the mechanism of this action. 


METHODS 


Source of enzyme 


Rabbit-kidney histidine decarboxylase was used. The rabbit 
kidneys were removed and dropped into 0-9% NaCl. They 
were freed from all extraneous tissue, cut into small pieces 
and minced in a Latapie mincer. Tissue extracts were 


* Present address: Department of Materia Medica and 
Therapeutics, University of Glasgow. 


prepared by grinding the minced tissue for 10 min. in a 
mortar with 1 g. of silver sand and 10 ml. of 0-9 % NaCl/g. of 
tissue. The mixture was centrifuged at 2500 g for 10 min. 
and the supernatant fluid used for some of the experiments. 

In other experiments an extract of rabbit kidney was 
prepared by homogenizing the minced tissue with 0-25m 
sucrose solution in a Potter-—Elvehjem homogenizer for 
10 min. at 0°. The homogenate was successively centrifuged 
at 2500, 37000 and 90000 g for 10 min., 45 min. and 1 hr., 
respectively. The minced tissue and a measured volume of 
each supernatant fluid were incubated in the presence and 
absence of benzene. The final supernatant would be free 
from all particulate cell matter and would contain only sub- 
stances in colloidal suspension or in solution (Schneider & 
Hogeboom, 1950). 

In a control experiment it was shown that the production 
of histamine from histidine by rabbit kidney was unaffected 
by changing from Tyrode’s solution and buffer mixture to 
0-25 sucrose—buffer mixture. 


Method of incubation 


The minced tissue (0-4 g.) and 6 ml. of Tyrode’s solution, 
or 4 ml. of tissue extract and 2 ml. of Tyrode’s solution, 
were placed in a 25 ml. conical flask together with 3 ml. of 
0-2m-Na,H PO, solution to buffer at pH 8-2 (glass electrode), 
and 1 ml. of neutralized histidine solution (15 mg./ml.). The 
mixture was incubated at 38° for 3 hr. with mechanical 
agitation. 

To show the effect of CHCl, and benzene, one drop 
(about 20 mg.) of one of these substances was added (a) 
before incubation, (b) after incubation, (c) before incubation, 
no histidine in the incubation mixture, and (d) before incu- 
bation, no enzyme preparation present. Any difference 
between (a) and (b) would show a potentiating or inhibitory 
effect. A positive value for (c) would represent either 
free tissue histamine or histamine liberated by the solvent 
from bound histamine, and a positive value for (d) would 
represent histamine produced by an interaction of the 
reagents. 

Duplicate experiments were carried out on each enzyme 
preparation, and the experiment was repeated with the 
tissue of another animal. 
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Estimation of histamine present after incubation 


n-HCl was added dropwise from a micro-burette into the 
reaction mixture at the end of the incubation until the pH 
was between 5-5 and 5-9. The mixture was boiled for 1 min. 
to coagulate proteins and prevent further enzyme action. 
After cooling, the contents of the flasks were filtered through 
a Whatman no. 1 paper. 

The histamine content of the filtrate was assayed in vitro 
on guinea-pig ileum suspended in 2 ml. of atropinized 
Tyrode’s solution at 34°. The presence of histamine was 
confirmed by the use of mepyramine (Reuse, 1947). 


Effect of organic solvents on 
histidine-decarboxylase activity 


To determine whether the increased production of hista- 
mine from histidine was an effect peculiar to CHCl, alone, 
several other organic solvents were tested. 

Reaction mixtures were incubated with (a) one drop of 
the organic solvent added before incubation, (6) one drop of 
organic solvent added after incubation and (c) no addition of 
organic solvent. If the solvent potentiated or inhibited the 
decarboxylation of histidine, this would be seen as a differ- 
ence between (a) and (5). If the substance affected the gut, 
this would be seen as a difference between (5) and (c). 

Since rabbit kidney contains no detectable histamine, and 
because the effect of CHCl, and benzene could not be 
accounted for by a liberation of preformed histamine, 
sample (c) as used in the previous experiment was omitted ; 
as the observed effect had been found not to be accounted 
for by an interaction of reagents, (d) was also omitted. 


Partition of histamine between water and benzene 


To determine whether the increased production of hista- 
mine could be accounted for by a mass-action effect due to 
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the greater solubility of histamine in the benzene present, the 
distribution of histamine between a saline tissue extract and 
benzene was determined. 

Two tubes were taken containing: (1) 1 ml. of histamine 
solution (10yg./ml.), 5 ml. of Tyrode’s solution, 1 ml. of 
0-2mM-Na,HPO, solution and 2ml. of benzene (A.R.); 
(2) 1 ml. of histamine solution, 5 ml. of Tyrode’s extract of 
rabbit kidney (1 g. of tissue/5 ml.), 1 ml. of 0-2m-Na,HPO, 
solution and 2 ml. of benzene. The tubes were shaken for 
1 hr. at 18° and then centrifuged ; 3 ml. of the aqueous layer 
was removed, N-HCl added dropwise to adjust to pH 5-5-5-9 
and the mixture brought to the boil, allowed to simmer for 
1 min. to remove any benzene, cooled and filtered, and the 
histamine content of the filtrate determined. A volume 
(i ml.) of the benzene layer was removed and 1 ml. of n-HCl 
added. The mixture was evaporated to dryness in a water 
bath under reduced pressure, and the residue taken up in 
2 ml. of water, adjusted to pH 5-5-5-9 with solid NaHCO,, 
brought to the boil, cooled, filtered and assayed for hist- 
amine. 

A third sample (3) consisting of 1 ml. of histamine 
solution (10 ug./ml.), 5 ml. of extract and 1 ml. of Na,HPO, 
solution was adjusted to pH 5-5-5-9, brought to the boil, 
cooled, filtered and assayed for histamine. All tests were 
done in duplicate. 


RESULTS 


Table 1 gives the results of four experiments with 
chloroform, eight with benzene and five in which the 
effects of chloroform and benzene were compared on 
the same tissue. Benzene increased the rate of 
decarboxylation of histidine 4- to 12-fold and in one 
case 40-fold. It was found to have at least 2—3 times 
the activity of chloroform. 


Table 1. Histamine production from minced rabbit kidney 
in the presence of chloroform or benzene 


Minced rabbit kidney (0-4 g.) was incubated for 3 hr. at 38° in 10 ml. of Tyrode’s solution containing 15 mg. of histidine 
and chloroform or benzene (final concen. 2-0 mg./ml.). Values are averages of duplicate incubations. 


Histamine formed 
(ug./g. of wet tissue) 





SS ee ee 
Chloroform Chloroform 
added after present during 
Expt. incubation _ incubation bla 
no. (a) () (c) 
1 6-6 19-7 3-0 
2 10-8 34-4 3-2 
3 1-5 6-8 - 43 
4 3-2 11-0 3-5 
5 — _— 
6 a Ea = 
7 =5 a ia 
8 eae ae Sach 
9 = i? = 
10 =) as a 
11 “a a 
12 was = om 
13 2-2 9-0 4-1 
14 13-5 36-4 2-7 
15 7-2 24-9 3-4 
16 0-25 0-99 4-0 
17 2-2 aD 2-5 


Histamine formed 
(ug./g. of wet tissue) 
ee eee 


Benzene Benzene 
added after present during 
incubation incubation | e/d 
(d) (e) (f) fle 
1-8 12-6 7-0 — 
1-2 15-4 12-5 - 
1-25 6-7 4-7 — 
31-2 114-0 3-8 _~ 
3-0 27-0 9-1 - 
4-5 24-2 5-3 ~ 
3-2 88-6 6-7 
3-3 14-8 4-5 aie 
2-2 27-6 12-5 3-1 
13-5 99-6 7-4 2-7 
7-2 56-9 79 2-3 
0-25 10-0 40-0 10-0 
» the : . 


to 
bo 
le 
to 
Or 








320 N. G. WATON 1956 


Table 2. Histamine production from rabbit kidney in the presence of various organic solvents 


Minced rabbit kidney (0-4 g.) was incubated for 3 hr. at 38° in 10 ml. of modified Tyrode’s solution containing 15 mg. of 
histidine and organic solvent (final conen. 2-0 mg./ml.). Values are averages of duplicate determinations. 


Histamine formed 
(ug./g. of wet tissue) 














Cc ~ 
Solvent Solvent 
added present bja bla 
after during for bla for 
incubation incubation solvent for benzene 
Solvent Control (a) (b) (c) CHCl, (d c/d 
Pyridine 13-6 13-6 109-0 8-0 2-7 7-4 1-10 
Toluene 2-2 1-8 19-7 9-0 4-1 12-5 0-72 
Chlorobenzene 7-2 6-9 36:8 5-1 3-5 7-9 0-65 
Light petroleum 2-2 2-4 13-4 6-1 4-1 12-5 0-48 
(b.p. 80—100°) 
cycloHexane 13-6 12-7 37-4 2-8 2-7 7-4 0-37 
Bromoform 9-9 9-7 36-0 3-7 4:3 _- 
Nitrobenzene 7-2 6-3 17-9 2-5 3-5 7-9 0-32 
Aniline 7-2 7-1 15-6 2-2 3-5 7-9 0-28 
Diethyl] ether 2-2 1-9 6-3 2-9 4-1 12-5 0-23 
Carbon tetrachloride 9-9 9-9 28-9 2-9 4-3 -- — 
Acetone 2-2 2-2 3-4 1-5 4-1 12-5 0-12 
cycloHexanone 2-1 2-1 2-2 1-0 2-5 6-2 0-15 
Tetrachloroethane 2-1 1-5 1-5 1-0 2-5 6-2 0-15 
Pentan-1-ol 13-6 12-7 15-0 1-1 2-7 7-4 0-15 
n-Butanol 8-5 8-7 8-8 1-0 3-1 71 0-13 
Tetralin 7-2 7:9 6-3 0-87 3-5 7-9 0-11 
Ethyl acetate 13-6 13-6 2-3 0-17 2-7 7-4 0-02 
Methyl iodide 2-1 2:3 <0-4 ~- 2:5 6-2 — 
Quinoline 2-1 <0°5 Nil — 2-5 6-2 - 
Ethyl malonate 13-6 13-6 No assay _— 2-7 7-4 — 
Benzene solvents with Tyrode’s solution at 38° (benzene 
24 cw 1-25 and 0-25 mg./ml., pyridine 3-8 mg./ml.) and 
° using a measured volume of this in place of an 


N 
oO 


equivalent volume of Tyrode’s solution for the 
incubation mixtures. In another experiment, the 
histamine formed was more than doubled when the 
concentration of benzene was only 0-025 mg./ml. 
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kg. of histamine/g. of tissue 


- These results showed that benzene produced an 
8 increase in histamine formation in concentrations 
as low as 0-025 mg./ml. and had a maximum effect 

4 at 0-38—0-81 mg./ml. At a concentration around 
0-81 mg./ml. water is fully saturated with benzene. 

0 — Thus benzene has its maximum effect at full 
10 00 10 16 saturation. The effect of pyridine was not seen in 

log concn. (mg./ml.) concentrations lower than 0-1 mg./ml., but above 


Fig. 1. Relation between the histamine formed by rabbit this the potentiation increased to a maximum at a 
kidney and the concentration of benzene or pyridine concentration of 3-8 mg./ml. Above this concentra- 
present. Minced rabbit kidney (0-4 g.) was incubated for _ tion the effect became less, but a slight potentiation 
3 hr. at 38° in 10 ml. of modified Tyrode’s solution con- _ gtill occurred at concentrations as high as 15-5 mg./ 
taining 15 mg. of histidine and varying concentrations of — yy]. 
benzene (©) or pyridine (@). The results in Table 3 show that in the presence of 

— chloroform and benzene there is an approximately 

Among the organic solvents tested (Table 2) linear relation between the histamine formed and 

benzene and pyridine appeared to be most active, the time of incubation up to 3 hr. They also show 

and toluene, chlorobenzene, light petroleum (b.p. that the effect of both chloroform and benzene is 
80—100°) and cyclohexane showed activity greater noticeable within 30 min. 

than, or as great as, chloroform. When the maximum time of incubation was 
The effects of various concentrations of benzene _ increased (‘Table 3, Expt. 2), it was noticeable that 

and pyridine (Fig. 1) were obtained by shaking the _ the histamine content reached a maximum at about 
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4-6 hr., after which histamine formation ceased. 
The slow destruction of histamine after this time 
was shown, in a further experiment, to be equal to 
the normal destruction of histamine in Tyrode’s 
solution at a similar pH. However, after 16—24 hr. 
there was a rise in the production of histamine in the 
controls which became very marked after 40 hr. 
This sudden rise could have been due to histamine 
formation by bacteria. 

The results in Table 4 showed that not only was 
benzene an effective potentiator of histidine de- 
carboxylase present in minced tissue, but that it 
was equally effective when the enzyme preparation 
was a tissue extract subjected to centrifuging at 
90000 g. Thus benzene does not produce an effect 


Table 3. Relation between the histamine formed by 
rabbit kidney in the presence of chloroform or 
benzene and the time of incubation 


Minced rabbit kidney (0-4 g.) was incubated at 38° for 
varying times in 10 ml. of modified Tyrode’s solution con- 
taining 15 mg. of histidine and chloroform or benzene 
(final concn. 2-0 mg./ml.). Values are averages of duplicate 


incubations. , ; 
Histamine formed 


(ug./g. of wet tissue) 





So a es 

Chloroform Benzene 

present present 

Duration during during 

(hr.) Control incubation incubation 
Expt. 1 
0-5 0-6 2-8 7-8 
l 1-8 4-7 13-0 
1-5 2:2 7-4 16-4 
2 3-2 8-5 20-4 
2-5 4-4 10-0 24-9 
3 5-1 12-5 29-8 
Expt. 2 

0-75 4-5 25-7 48-2 
1-5 22-0 46-9 94-1 
3 33-0 68-4 137-0 
7 38-6 60-1 160-0 
11-5 36-8 57-3 116-3 
24 62-0 51-3 132-0 
30 82-0 39-6 98-2 
48 182-0 29-8 92-5 
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on the membrane of any cell or cell body, but acts 
on the enzyme when it is in solution. 

Oxytetracycline, in concentrations considered to 
be bacteriostatic (0-2 and 0-4 mg./ml.), did not 
potentiate the formation of histamine and it is 
therefore unlikely that the effects of the solvents 
were due to bacteriostasis. Similarly, in doses which 
did not inhibit the gut during subsequent assay 
(0-0005 mg./ml.), the anionic detergent lauryl] sul- 
phate (Teepol XL, British Drug Houses Ltd.) and 
the cationic detergent cetyl trimethylammonium 
bromide [Cetrimide, Imperial Chemicals (Pharma- 
ceuticals) Ltd.] produced no potentiation of hist- 
amine formation. 

It was thought that the action of benzene might be 
due to some change which would persist after the 
benzene was removed, and the following experiments 
were carried out to test this possibility. 

Into each of six 25 ml. conical flasks were pipetted 
3ml. of tissue extract, 2ml. of 0-2mM-Na,HPO, 
solution and 2 ml. of Tyrode’s solution. In addition, 
one drop (22 mg.) of benzene was introduced into 
three of the mixtures (C, D and F). The flasks were 
stoppered and the mixtures incubated for 2-5 hr. at 
38°. Two of the samples containing benzene (C and 
D) and two to which no benzene had been added 
(A and B) were freeze-dried (20 hr.). Each resulting 
residue was dissolved in 7 ml. of water to which 
2ml. of Tyrode’s solution and 1 ml. (15 mg.) of 
histidine solution were added. One drop (22 mg.) of 
benzene was added to B and D, in one of which (D) 
benzene had been present during the preliminary 
incubation. No benzene was added to A or C. The 
mixtures were incubated at 38° for 3 hr. and the 
histamine contents then determined. 

To the two original incubation mixtures not 
subjected to freeze-drying (Z and F’) were added 
2ml. of Tyrode’s solution and 1 ml. (15 mg.) of 
histidine solution, and the mixtures maintained at 
38° for 3hr. before determining the histamine 
contents. The results are shown in Table 5. Rabbit- 
kidney extract that had been treated with benzene 
and then freeze-dried (C) showed about the same 
activity as extracts which had not been treated with 


Table 4. Histamine production in the presence of benzene, from extracts of rabbit kidney 
that had been subjected to’ centrifuging at varying gravitational forces 


Extracts of rabbit kidney incubated for 3 hr. at 38° in 10 ml. of modified Tyrode’s solution containing 15 mg. of histidine 


and benzene (final conen. 2-0 mg./ml.). 


Presence of benzene 

Minced tissue 

Extract after centrifuging at 2500 g 
Extract after centrifuging at 17000 g 
Extract after centrifuging at 90000 g 


Histamine formed 
(ug./g. of original wet tissue) 


Expt. 1 Expt. 2 
aor ———— 
7-0 31-3 3-1 17-5 
6-4 27-6 4-8 16-5 
6-0 37-9 3-2 16-9 
6-2 31-2 3-5 16-2 
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Table 5. Histamine production from extracts of rabbit 
kidney in the presence of benzene before and after 
freeze-drying of the tissue extract 


Extracts of rabbit kidney, before and after freeze-drying, 
were incubated for 3hr. at 38° in 10 ml. of modified 
Tyrode’s solution containing 15mg. of histidine and 
benzene (final concn. 2-0 mg./ml.). Values are averages of 
duplicate incubations. 


Benzene Benzene Histamine formed 
added added (ug./g. of original 
before after wet tissue) 
freeze- freeze- —$<—$<$=_$€_—=—$—-_ 

Sample drying drying Expt. 1 Expt. 2 
A - ~ 1-4 0-7 
B - “ 5-2 9-2 
Cc + - 1-0 0-8 
D - + 5-9 10-5 
E - No freeze- 1-1 0-8 

drying 
F + No freeze- 10-8 16-7 
drying 


benzene at all (A or #), but freeze-dried extracts 
could still be activated, provided the benzene was 
present during incubation (B or D). 

No histamine was found to pass into the benzene 
layer when benzene was shaken with either saline or 
a tissue extract containing added histamine. Thus it 
is unlikely that the benzene present in incubation 
mixtures removes histamine as soon as it is formed, 
so allowing more to be formed. 


DISCUSSION 


The observed effects have been shown to be due to 
an action of the organic solvent on the enzyme 
during incubation. They were not due to an action of 
the solvents on the ileum used for histamine assay. 
They probably are not due to inhibition of hist- 
aminase, since chloroform and benzene (2 mg./ml.) 
do not inhibit this enzyme in hog’s kidney (Waton, 
1956). There is evidence that the active substance 
was histamine and that it was not formed by the 
liberation of preformed histamine. The effects were 
not due to a bacteriostatic action since they were 
observed within 1 hr.; a secondary formation of 
histamine, which was probably due to bacteria, 
occurred, after 24hr. The bacteriostatic agent 
oxytetracycline had no effect on histamine forma- 
tion. 

Several organic solvents were effective (Table 2) 
and activity did not appear to be associated with 
their physical properties. The most active com- 


pounds contained aromatic rings. The presence of 
a second phase was unnecessary since the effect was 
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observed in concentrations that dissolved completely 
in water, and with pyridine, which is freely miscible 
with water. When there was a separate phase of 
benzene, no histamine could be detected in it. 

It is suggested that the effect is due to a change in 
the physical state of the enzyme, such as a break-up 
of micelles, so that active groups that had previously 
been buried inside the micelle became accessible and 
free to react with histidine. Whatever may be the 
true explanation, the change in the enzyme is 
reversible, since benzene lost its effect after it was 
removed by freeze-drying before the incubation 
(Table 5). 


SUMMARY 


1. It has been shown that the action of rabbit- 
kidney histidine decarboxylase is considerably in- 
creased by the addition of very small quantities of 
several organic solvents. Benzene was found to be 
one of the most active substances, increasing the 
yield of histamine from histidine 5- to 10-fold. 





A submaximal effect was produced by concentra- , 


tions of benzene as low as 0-025 mg./ml. 

2. The effect is due to benzene in solution acting 
on the enzyme in solution. Evidence is presented 
that it does not depend on the presence of two 
liquid phases, nor on the suppression of bacteria, 
nor on a release of the enzyme from mitochondria or 
microsomes. It is probably not due to the inhibition 
of histaminase. 

3. A possible explanation of the observed effect is 
discussed. 


The author wishes to express his appreciation to Professor 
J. H. Gaddum, F.R.S., for his help and guidance in this 
study; and also the Medical Research Council for the award 
of a grant, the tenure of which made this work possible. 
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Azetidine-2-carboxylic Acid: a New Cyclic Imino Acid 
Occurring in Plants 


By L. FOWDEN 
Department of Botany, University College, Gower Street, London, W.C. 1 
and Department of Botany, Cornell University, Ithaca, N.Y., U.S.A. 


(Received 31 January 1956) 


In recent years the paper-chromatographic tech- 
nique has been used extensively to study the soluble 
nitrogenous compounds of plants. In this way many 
new amino and imino acids have been recognized, 
and some of the newly characterized substances have 
been shown to be major constituents of certain 
plant species, e.g. y-methyleneglutamine and y- 
methyleneglutamic acid in, groundnuts, Arachis 
hypogaea (Done & Fowden, 1952); y-hydroxy- 
glutamic acid in Phlox decussata (Virtanen & 
Hietala, 1955a); y-hydroxy-y-methylglutamic acid 
in the maidenhair fern, Adiantum pedatum (Grob- 
belaar, Pollard & Steward, 1955); y-hydroxy-«- 
aminopimelic acid in the fern Asplenium septentrio- 
nale (Virtanen, Uksila & Matikkala, 1954); 4:5- 
dehydropiperidine-2-carboxylic acid (baikiain) in 
Rhodesian teak, Baikiaea plurijura (King, King & 
Warwick, 1950); 5-hydroxypiperidine-2-carboxylic 
acid in the palm, Rhapis flabelliformis (Virtanen & 
Kari, 1954), and in Baikiaea (Grobbelaar et al. 
1955); 4-hydroxypiperidine-2-carboxylic acid in 
Acacia pentadena (Virtanen & Kari, 1955). Many of 
these substances are derived from either glutamic 
acid or piperidine-2-carboxylic acid. 

This paper describes the isolation and identifica- 
tion of a new imino acid, azetidine-2-carboxylic 
acid, which occurs as an important constituent of 
many plants belonging to the Liliaceae. The 
structure of this substance and the atom-numbering 
system used in the text are as shown in (I) 

H, 

3 

H,C4  2CH.CO,H 
1 
N 
H 


(I) 


No previous reference to the compound occurs in 
the chemical literature, although the free base, 
azetidine, was described in the latter part of the 
nineteenth century. It is also the first time that any 
simple derivative of this four-atom ring system has 
been described as occurring in plants, except for an 
earlier brief account of the present work (Fowden, 
1955). 


RESULTS 


Isolation 


The new substance was first encountered during a 
limited survey of plant materials for the presence 
of y-methyleneglutamine and y-methyleneglutamic 
acid. Two-dimensional chromatograms (run first in 
phenol and then in butanol—acetic acid) of 70% 
(v/v) ethanol extracts of fresh leaves of Convallaria 
majalis (lily-of-the-valley) showed the presence of 
a substance that reacted with ninhydrin to give a 
brown-coloured spot in a position similar to that 
occupied by y-methyleneglutamine, which also 
gives a brownish ninhydrin colour. Although, like 
y-methyleneglutamine, the compound was labile to 
strong mineral acid, chromatography for longer 
periods of time, with phenol as solvent, effected a 
separation between the two substances. Since no 
other substance possessing similar chromatographic 
properties had been described, the Convallaria 
compound, hereafter termed Z, was considered to be 
a new plant constituent, and a larger-scale isolation 
was made by using the combined techniques of ion- 
exchange and preparative paper chromatography. 
Two separate isolations of Z were made, one with 
Zeo-Karb 215 for the primary amino acid fraction- 
ation followed by purification on washed Whatman 
no. 3 filter-paper chromatograms, and the second 
with Dowex 50 for the primary fractionation. Z was 
finally recrystallized from hot 95 % (v/v) methanol, 
and its purity checked by chromatography in 
solvents A, D, E and F (see Experimental section). 
This material was optically active, [x]? — 108°. 


Chemical properties 


Elementary analysis of Z suggested an empirical 
formula C,H,O,N, and determination of its mole- 
cular weight by the method of Barger (1904) gave a 
value of about 100. Thus the molecular formula was 
probably identical with the empirical formula. The 
hydrogen atoms in this formula are too few in 
number for it to represent a saturated open-chain 
amino acid. Two feasible, alternative types of com- 
pound, however, fit the formula. The first is an 
aminobutyric acid with a single C:C unsaturation, 
and the second is an azetidine-type ring system 


21-2 





324 


with a carboxylic acid group substituent on one of 
the ring carbon atoms. If Z were of the first type, it 
should be readily hydrogenated catalytically to the 
corresponding saturated aminobutyric acid. In 
practice Z could not be altered by hydrogenation. 
Support for the alternative azetidine-type structure 
was obtained when Z was shown to contain an 
imino nitrogen atom by a test reported to be 
specific for the secondary amine group. 

The most striking property of Z was its instability 
to treatment with mineral acids. Several hydro- 
lysis products were detected on two-dimensional 
chromatograms (solvent A followed by solvent D) 
when Z was hydrolysed with 6N hydrochloric acid. 
Fig. 1 is a diagrammatic representation of a typical 
chromatogram. S1 (Fig. 1) was identified as homo- 
serine by its chromatographic position and colour, 
its characteristic lactone formation under acid condi- 
tions (streak 1a) and its oxidation to aspartic acid. 
Two other products reacted with ninhydrin to give 
yellow-coloured spots (S2 and S3 on Fig. 1), whose 
colour later changed through a brownish hue to 
purple. Their initial ninhydrin colour might indicate 
unsaturation, and the fact that they could be 
catalytically hydrogenated to y- and «-aminobutyric 
acids respectively seemed evidence in support of this 
idea. However, treatment of the compounds with 
aqueous or ethanolic ammonia gave «y-diamino- 
butyric acid as the main product. This suggested an 
alternative explanation for the colour reactions and 
products formed on hydrogenation, namely that 
two chloroaminobutyric acids (y-amino-«-chloro- 
butyric acid, S2, and «-amino-y-chlorobutyric acid, 


n-Butanol-—acetic acid ——> 


Position of Z 
before hydrolysis 





0-4 08 
R, 


Phenol ——> 


06 


Fig. 1. Positions on a two-dimensional chromatogram 
developed with phenol (A) and butanol-acetic acid (D) of 
the substances produced by hydrolysis of Z with hydro- 
chloric acid. S1, homoserine; S la, homoserine lactone; 
S2, y-amino-x-chlorobutyric acid; S3, a-amino-y- 
chlorobutyric acid. The position occupied by Z (before 
hydrolysis) is indicated by the dotted area; + marks the 
position alanine would occupy on a chromatogram run in 
these solvents. 
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S3) were arising by treatment of Z with hydro. 
chloric acid. If an azetidine-type ring structure for 
Z is assumed, such hydrolytic behaviour would be in 
accordance with the known manner of breakdown 
of the free base, azetidine, on hydrolysis with 
hydrochloric acid, when 1-amino-3-hydroxypropane 
and l-amino-3-chloropropane are the products 
(Howard & Marckwald, 1899). y-Amino-«-chloro- 
butyric acid was later synthesized and shown to 
have chromatographic properties identical with 
those of spot S2 on Fig. 1. 

The fourth logical breakdown product, y-amino- 


«-hydroxybutyric acid, was not detected on two- | 


dimensional chromatograms run with solvents A 
and D. The reason for this later became apparent 
when the substance was synthesized and chromato- 
graphed; in phenol and butanol-acetic acid it has 


1950 | 


R, values identical with those of homoserine. In | 


collidine—lutidine, however, y-amino-«-hydroxy- 
butyric acid flows a little slower than homoserine. 
When the products of hydrolysis by hydrochloric 
acid of a larger amount of Z were re-examined 
on phenol/collidine—lutidine chromatograms (see 
Fig. 2), a small amount of a substance (S4) in- 
separable from added y-amino-«-hydroxybutyric 
acid was shown to be present. This substance was 
oxidized by acidic potassium permanganate solution 
to give B-alanine. 


When 3Nn sulphuric acid or 70 % (w/v) hydriodic ' 


acid was used for hydrolysis, the breakdown 
products were different. Although homoserine was 
a product in all cases, the nature of the other 


products as indicated by chromatography differed | 


alanine 


apee® 


Collidine-lutidine ——> 


© 


S Position of Z 
before hydrolysis 





0 0-2 0-4 0-6 0:8 1-0 
Re 
Phenol ——> 
Fig. 2. Positions on a two-dimensional chromatogram, 


developed with phenol (A) and collidine—lutidine (Z), of 
the substances produced by hydrolysis of Z with hydro- 
chloric acid. S1, homoserine; S14, homoserine lactone; 
S2, y-amino-«-chlorobutyric acid; $3, «-amino-y-chloro- 
butyric acid; S4, y-amino-x-hydroxybutyrie acid. The 
position occupied by Z (before hydrolysis) is indicated by 
the dotted area; +marks the position alanine would 
occupy on a chromatogram run in these solvents. 
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with the acid used. No attempt has been made to 
identify them in the case of sulphuric acid, but with 
hydriodic acid they were identified as «- and y- 
aminobutyric acids. Presumably iodoaminobutyric 
acids were first formed but were later reduced by 
the nascent hydrogen produced by heating the 
concentrated solution of hydriodic acid at high 
temperatures. 


From y-aminobutyric acid 
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Synthesis 


The foregoing evidence strongly suggested that Z 
was azetidine-2-carboxylic acid. To confirm this 
conclusion azetidine-2-carboxylic acid was syn- 
thesized by two methods, the final stage in each 
being the removal of a molecule of hydrogen halide 
from an y-amino-«-halogenobutyric acid under the 









Br, 
H,N.CH,.CH,.CH,.CO,H ———> H,N.CH,.CH,.CH(Br).CO,H 
y-Amino-a-bromobutyric acid “a 
5 4 
2 ? H, 
H,C CH.CO,H 
N 
eae ae wey H 
From ay-diaminobutyric acid Py oO 
HNO, s 
H,N .CH,.CH,.CH(NH,).CO,H ——> H,N.CH,.CH,.CH(Cl).CO,H 
HCl 
y-Amino-a-chlorobutyric acid 
(a) Synthesis 
H, 
Cc 
3 
H,C.4 2 CH.CO.H 
1 
N 
H 
1:4 H,O 1:2 H,O 
fission fission 
_ _. KMn0, KMn0, 
Aspartic acid <————- CH, (OH). CH,.CH(NH,).CO,H CH,(NH,).CH,.CH(OH).CO,H ———> f-Alanine 
Homoserine i 
aq. 1:4 HCl 1:2 HCl 1} aq. 
NH, soln. fission fission NH, soln. 
ready }| Slight 
| 
! 


hydrolysis 





CH,(Cl) .CH,.CH(NH,).CO,H 


a-Amino-y-chlorobutyric acid 
H, 


y-Aminobutyric 
acid 





ay-Diaminobutyric acid 


hydrolysis 





CH,(NH,).CH,.CH(Cl).CO,H 


y-Amino-a-chlorobutyric acid 


aq. 
H, 
NH, soln. - 


a-Aminobutyric 


acid 


(b) Degradation 


Fig. 3. Summary of synthetic and degradative stages for azetidine-2-carboxylic acid. 
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influence of barium hydroxide. Optically inactive 
azetidine-2-carboxylic acid was obtained in small 
yield from y-aminobutyric acid by «-bromination, 
followed by removal of hydrogen bromide from the 
intermediate ‘y-amino-«-bromobutyric acid and 
ring closure by treatment with 0-5N barium 
hydroxide solution. An optically active azetidine- 
2-carboxylic acid, [«]j/+102°, was obtained by 
treatment of ay-diaminobutyric acid dihydro- 
chloride with a mixture of nitrous and hydro- 
chloric acids to yield y-amino-«-chlorobutyrie acid, 
followed by elimination of hydrogen chloride and 
cyclization by treatment with barium hydroxide. 
This second synthesis was based on that of proline 
from ornithine (Hamilton, 1952), where a similar 
inversion of optical rotation occurred. 

Both synthetic azetidine-2-carboxylic acid 
samples were shown to be identical with Z by chro- 
matography (all solvents) and by the identical nature 
of their degradation products after hydrolysis with 
hydrochloric acid with those obtained from Z. The 
infrared absorption spectrum of the synthetic 
material ([«]??+ 120°) was identical with that of Z. 

The synthetic and degradative steps described 
above for azetidine-2-carboxylic acid can be 
summarized as in Fig. 3. 


Distribution 


Azetidine-2-carboxylic acid would appear to be 
mainly restricted to plants belonging to the family 
Liliaceae with a less frequent occurrence in the 
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members of the families Agavaceae and Amaryl. 
lidaceae. An account of the qualitative occurrence 
of this and other recently discovered amino acids in 
many plants of these families is given by Fowden & 
Steward (1956), where the taxonomic implications 
of a study of their distribution are discussed. 
Quantitative estimates of the amounts of various , 
amino acids, particularly azetidine-2-carboxylic 
acid, in plant materials were made by using, in a 
slightly modified form, the method of Thompson, 
Zacharius & Steward (1951) and Thompson & 
Steward (1951). All quantitative assays were made 
on two-dimensional chromatograms run first in 
phenol at pH. 5-5 followed by the one-phase butanol- 
acetic acid mixture. The data obtained are presented | 
in Table 1, where the amounts of «-amino or -imino ! 
nitrogen are expressed as a percentage of the total 
amino or imino nitrogen present in all the acids. 
Azetidine-2-carboxylic acid is present in widely 
different amounts in different species. 


DISCUSSION 


The identification of azetidine-2-carboxylic acid as 
a natural product has added to the known types of 
heterocyclic ring systems that can occur in plants. 
The ring has been reported to occur in a natural 
product on one previous occasion by Stoll, Renz & 
Brack (1951), who showed that it was present in the 
antibiotic nocardamin, where it formed a part of a 
more complex structure. The isolation of this lower 


Table 1. Relative amounts of various amino and imino acids present in some plants 
belonging to the families Liliaceae and Agavaceae 


The amount of «-amino or -imino nitrogen of each amino acid is expressed as a percentage of the total amino and imino 


nitrogen present in all the acids. 


2 
° o 5 
¢ $ 8 §& 3 
a = 5 my a 
< S RQ <q eH 
Convallaria majalis 3-3 5-4 1-0 1-5 0-2 
(leaf) 
C. majalis (seed) 0-8 0 1-0 — é 
Maianthemum 1-2 7 3-6 3-9 
canadense (leaf) 
M. canadense (seed) 3-1 2-9 3-7 2-1 1-9 
Polygonatum sp. (leaf) 3-3 8-1 3-5 1-7 0-4 
Rohdea japonica (leaf) 0-4 3-9 4-5 9 0-7 
Ruscus aculeatus (leaf) 0-9 6-4 4-1 — 1-8 
Bowiea volubilis (stem) 1-7 4-6 2-0 0-5 0-5 
Liriope muscari (leaf) 0-5 2-5 5-1 — ea 
L. spicata (seed) 1-7 4-2 4-7 3-2 0-5 
Danae racemosa (seed) 0-7 0-4 1-8 1-7 1-5 
Littonia modesta (seed) 6-4 5-9 56 10-9 2-3 
Hosta sieboldiana (seed) 5-0 12-5 41 10-5 15 
Dracaena fragrans 35 14:8 4:3 0-3 1-3 
(leaf) 
D. sanderiana (leaf) 0-2 1-3 9 — 0-5 
D. godseffiana (leaf) 1-6 9-1 22 0-3 1- 


3 2 
= Be 
a nN 2 = 
2 a Z a 
© 3 ER P 2 5 
q 5 @ a9 ¢ © | a a 
sg $ ste eee 3 | ax os 
Ss nD o ° —_ 
2-4 7:3 0-1 75:7 1-8 0-1 1-2 0-1 
1-4 0-2 70-1 1-8 1-3 1-2 15-4 
4:8 8-2 0-1 58-9 0-1 1-0 1-8 8-1 
3-7 «13-6 -— 54:7 4:3 1-9 5-9 2-0 
35 16-7 0-1 58-0 8-2 1-4 0-8 1-2 
5:7 0-7 O-1 66-5 1-1 0-6 7-4 0-2 
27-9 1-4 13 38-7 0-7 16 13-9 1-4 
17:1 1-0 1-8 61-7 — 0-5 79 0-5 
13-9 1-2 05 33:6 21:8 06 18:7 0-5 
93 11:3 0-7 36-1 4-4 0-9 4°5 0-2 
46 183 08 56-9 8-2 0-7 3-0 1:3 
10-0 = 15-1 1-1] 821-6 5:7 2-8 4:3 8-2 
82 23-2 0-4 Ill 6-4 3°7 3-6 9-9 
11-3 3:8 18 346 11-0 03 12:5 0-6 
74 10-4 05 615 109 0-2 5-1 
13-0 19-3 03 16-4 3-1 0-3 3-7 
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analogue of proline follows closely on the recent 
recognition of piperidine-2-carboxylic acid (pipe- 
colic acid), the next higher analogue of proline, 
as a plant constituent (Zacharius, Thompson & 
Steward, 1952; Morrison, 1952). While present 
knowledge would indicate that proline is the most 
widely distributed of the three cyclic imino acids 
throughout the plant kingdom, pipecolic acid is also 
found to be present in species of many plant families 
and is often most abundant in seeds (Zacharius, 
Thompson & Steward, 1954). But of the three sub- 
stances it is azetidine-2-carboxylic acid that appears 
capable of being accumulated by plants to the 
greatest degree, e.g. about 3 g./kg. fresh weight in 
Convallaria, Polygonatum and Rohdea leaves (see 
Table 1). The seeds of Convallaria contain all three 
imino acids. 

Recently the presence in plants of allohydroxy- 
proline (obtained from Santalum album by Radha- 
krishnan & Giri, 1954) and 5-hydroxypipecolic acid 
(obtained from Rhapis flabelliformis by Virtanen & 
Kari, 1954; and from Baikiaea plurijura by 
Grobbelaar e¢ al. 1955) have been confirmed by 
isolation. Now that the presence of a third simple 
heterocyclic ring is established, the possibility 
exists that hydroxyazetidine-2-carboxylic acids 
may eventually also be shown to be plant con- 
stituents. 

The complex way in which azetidine-2-carboxylic 
acid broke down when treated with concentrated 
hydrochloric acid to give four products at first 
suggested that Z might be a peptide-like compound. 
However, no biuret reaction was obtained, and the 
determined molecular weight proved this idea to be 
impossible. Virtanen & Linko (1955) reported that 
Polygonatum contained large amounts of a new 
compound of imino acid type. The properties they 
described for this substance were identical with 
those found for azetidine-2-carboxylic acid, with the 
exception of their published molecular weight of 
303. Virtanen & Linko originally suggested that 
their compound had a more complex cyclic struc- 
ture, but Virtanen (1955) later concluded that his 
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original molecular weight was in error and that the 
substance isolated from Polygonatum was in fact 
azetidine-2-carboxylic acid. 

The natures and relative quantities of the amino 
acids produced when azetidine-2-carboxylic acid 
broke down in the presence of hydrochloric acid do 
not give a clear indication of the character of the 
primary steps of the degradation process. Hydro- 
lytic additive fission of the ring may accompany 
similar fission by hydrogen chloride, addition of 
water occurring largely across the 1:4-linkage and 
addition of hydrogen chloride preferentially at the 
1:2-linkage, or the primary fission may result only in 
hydrogen chloride addition, followed by varying 
degrees of hydrolysis of the two chloroaminobutyric 
acids produced. If the latter type of fission occurred, 
it would follow that the y-chloro acid was more 
readily hydrolysed under these conditions than was 
the «-chloro acid, since homoserine was found in the 
final products in much larger quantities than y- 
amino-«-hydroxybutyric acid. Several pieces of 
indirect evidence relating to the ease of replacement 
of the y-chloro atom by hydroxyl have been ob- 
tained. When an attempt was made to synthesize 
S3 by condensation of 1:2-dichloroethane with the 
diethyl ester of «-acetamidomalonic acid, although 
the initial condensation step was very incomplete, 
the product formed when 6N hydrochloric acid 
was used to effect hydrolysis and decarboxylation 
of the intermediate ester was mainly homoserine 
and its lactone, together with only small amounts 
of «-amino-y-chlorobutyric acid. Also, when the 
preparation of azetidine-2-carboxylic acid was 
attempted by treating «y-dibromobutyric acid 
(prepared by bromination of y-butyrolactone; 
Plieninger, 1950) with concentrated aqueous 
ammonia, the product again consisted mainly of 
homoserine, only traces of azetidine-2-carboxylic 
acid being formed. Lastly, treatment of S3 
(x-amino-y-chlorobutyric acid) with concentrated 
ammonia solution preferentially replaced the y- 
chloro atom by an hydroxyl group rather than by 
an amino group, whereas similar treatment of S2 
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(y-amino-a-chlorobutyric acid) gave «y-diamino- 
butyric acid and only a trace of y-amino-a«-hydroxy- 
butyric acid. 

Whenever a new nitrogenous compound is found 
to occur naturally in significant amounts and its 
structure has been established, it becomes possible 
to speculate on its biogenesis and the ways in which 
it might be concerned with the metabolism of 
related compounds. By analogy with the biogenesis 
of proline from glutamic acid or ornithine via 
glutamic-y-semialdehyde in micro-organisms (Vogel 
& Davis, 1952; Vogel, 1953; Fincham, 1953; Vogel 
& Bonner, 1954), and that of pipecolic acid from 
lysine in animals and plants (Grobbelaar & Steward, 
1953; Lowy, 1953; Rothstein & Miller, 1953; 
Schweet, 1954), it might be supposed that azetidine- 
2-carboxylic acid arises in a similar manner from one 
or more of the amino acids aspartic acid, homoserine 
and diaminobutyric acid. All three possible pre- 
cursors have been detected in plants, and the details 
of the conversion of aspartic acid into homoserine 
have recently been established by Black & Wright 
(1955a, b, c) with liver preparations. Thus possible 
pathways leading to the biosynthesis of azetidine-2- 
carboxylic acid are as shown in the diagram on 
p. 327. 

Experimentsare planned to test for the presence in 
plants of some of these interconversions. 


EXPERIMENTAL 


Chromatographic techniques. All paper chromatograms 
were run on Whatman no. 3 chromatographic grade filter 
paper under conditions which were essentially those of 
Consden, Gordon & Martin (1944). The solvents used 
included: (A) water-saturated phenol used after adjustment 
to pH 5-5 (measured with a glass electrode) by addition of 
NaOH (Steward, Zacharius & Pollard, 1955); (B) water- 
saturated phenol with NH, soln. (Dent, 1947); (C) the n- 
butanol-acetic acid—water mixture (4:1:5, by vol.) of 
Partridge (1948); (D) a one-phase solvent consisting of 
450 ml. of n-butanol, 50 ml. of acetic acid and 145 ml. of 
water; (£) the collidine—lutidine mixture of Dent (1947), 
and {F) 70% (v/v) n-propanol solution. A 0-1% (w/v) 
solution of ninhydrin dissolved either in 95% (v/v) ethanol 
or n-butanol saturated with water was used as the spraying 
agent. 

Isolation of Z. Fresh Convallaria leaves (1-85 kg.), 
collected just before the plants flowered, were macerated in 
small batches with a total volume of 4 1. of 70 % (v/v) ethanol 
in an Atomix blendor. The mush was pressed through muslin 
and the filtrate was centrifuged to remove the finer debris. 
It was then evaporated to small bulk (250 ml.) in vacuo at 
50° to remove most of the ethanol, diluted to 750 ml. with 
water, and extracted twice with 500 ml. portions of CHCl, to 
remove the leaf pigments. The aqueous layer, further diluted 
to 1-21., was shaken overnight with 50 g. of acetic acid- 
treated charcoal (British Drug Houses Ltd., absorbent 


grade) to absorb tyrosine and phenylalanine, and remaining 
colouring matter (Partridge, 1949). The final filtrate was 
applied to a Zeo-Karb 215 column (resin mesh 80-100). 
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The column used contained a packed resin bed, depth 
700 mm., diameter 35 mm. The treated extract was applied 
to the column at a rate of 200 ml./hr., all the amino acids 
being absorbed. The column was washed with 2-51. of 
water, followed by elution of the amino acids with a solution 
of 0-15n-NHg soln. (2-8 1.); 20 ml. fractions of the eluate 
were collected. Z was present in fractions nos. 37-75, 
together with neutral and hydroxyamino acids. Fractions | 
containing Z in appreciable amounts (nos. 44-63) were 
pooled (vol. 400 ml.) and evaporated to dryness at 50°; 
they yielded a partially crystalline residue I (1-81 g.). 

Further purification of Z was achieved by means of paper 
chromatography. Sheets of Whatman no. 3 filter paper | 
22 in. x 18 in.) were washed with the following sequence of 
reagents: 0-5N-HCl, water, 0-6N-NaOH, water. They were 
then dried at 40°. Residue I was dissolved in water to give 
4 ml. of final solution, and 1 ml. was applied as a continuous 
band across the 18 in. dimension of each of four such washed 
sheets of paper. The chromatograms were run in solvent B 
for 24 hr. and dried at 40°. The areas containing Z were cut 
out after its position on each chromatogram had been 
determined by ninhydrin development of three narrow 
location strips cut along the direction of solvent flow. Z was 
eluted from the areas of paper by macerating them in water, ° 
and the filtrate was evaporated to dryness at 50° to yield 
a residue II (0-54 g.). 

Residue II was dissolved in water to give 2 ml. of final 
solution, and | ml. was applied to each of two washed sheets 
of paper. The chromatograms were developed in solvent C 
for 48 hr., and Z was located and isolated as described above. 
The residue III obtained one vaporation (250 mg.) was a 
buff-coloured, crystalline material, and consisted of Z 
apparently free of other amino acids. It was recrystallized 
from 95 % (v/v) methanol and yielded a first crop of 151 mg. 
of pure Z. 

A second isolation was made from 2-2 kg. of Convallaria 
leaves, grown the following year, with columns of Dowex 50, 
x4 (mesh 100-200). The leaf extract, treated as described 
above before application to the Zeo-Karb, was first applied | 
to a column containing a packed resin bed, depth 420 mm., 
diameter 30 mm. After absorption of the amino acids and 
thorough washing of the column, the amino acids were 
eluted with n-NH, soln., no fractionation of the eluate 
(vol. 500 ml.) being made. The eluate containing the amino 
acids was diluted to 1-11. and reapplied to a two-stage 
column (upper 375 mm. x 30 mm., lower 250 mm. x 20 mm.) 
at a rate of 60 ml./hr. The column was washed with 3 1. of 
water and the amino acids were eluted with 0-15 N-NH, soln.; 
20 ml. fractions of the eluate (total vol. 1-1 1.) were collected. 

Z was eluted from the column after aspartic and glutamic 
acids and before serine and threonine. Fractions containing 
Z (nos. 14-26) were pooled and evaporated to give a residue 
(0-92 g.) containing glutamic acid, serine and threonine as 
impurities. The impure Z was purified as above by chro- 
matography on four sheets of washed paper with phenol 
as solvent. Chromatographically pure Z (520 mg.) was 
obtained, which yielded 350 mg. of recrystallized material. 

Physical properties of Z. The substance did not melt, but 
on heating began to discolour at about 200° and continued to 
darken until 310°, when heating was stopped. It had 
[«]?? — 108° in water (c, 3-6). (Found: C, 47-6; H, 6-8; N, 
13-4. C,H,O,N requires C, 47-5; H, 6-9; N, 13-8%.) Deter- 
mination of the molecular weight of Z was made by the 
method of Barger (1904), aqueous proline solutions of known 








1956 


lepth 
plied 
acids 
1. of 
ution 
luate 
7-75, 


tions | 


were 


50°; 


vaper 


aper | 


ice of 
were 
give 
uous 
shed 
nt B 
e cut 
been 
rrow 
; was 


ater, ° 


yield 


final 
Leets 
nt C 
ove. 
as a 
f Z 
ized 
mg. 


aria 
¢ 50, 
ibed 
lied 
1m., 
and 
vere 
late 
1ino 
bage 
im.) 
|. of 
In.; 
ted. 
mic 
ing 
due 
> as 
1ro- 
nol 
was 
‘ial. 
but 
1 to 
rad 

N, 
ter- 
the 
wn 





Vol. 64 


concentration being used as the comparative standards. 
The method as used, whilst not capable of yielding a result 
of extreme accuracy, indicated that Z had a molecular 
weight of about 100. It therefore established that the 
empirical and molecular formulae for Z were identical. 
Z was very soluble in both cold and hot water, but virtually 
insoluble in absolute ethanol. 

Presence of imino N in Z. Feigl (1954) describes a specific 
spot test for the secondary amine group. Z (1 mg.) was 
dissolved in 0-25 ml. of water, and a drop of this solution was 
mixed with a drop of the test reagent (1% (w/v) sodium 
nitroprusside solution to which 10% by volume of acetalde- 
hyde had been added). Finally a drop of 2% (w/v) Na,CO, 
solution was added with stirring to the mixture, when a 
strong blue colour, characteristically given by compounds 
containing imino groups, developed rapidly. When proline 
was tested under the same conditions the reaction appeared 
slightly more sensitive, but the «-amino acids tested gave no 
reaction. 

Lability of Z to acid. In testing for the possible presence of 
an amide group in Z, the compound was heated with n-HCl 
for 3 hr. at 100°. Several reaction products, in addition to 
much unchanged Z, were detected chromatographically 
(indicating that Z was somewhat unstable to acid). More 
vigorous acid hydrolysis with 6N-HCl for 24hr. at 100° com- 
pletely decomposed Z to yield productsin the positions shown 
in Fig. 1 on two-dimensional chromatograms developed 
with solvents A and D. S81 was probably homoserine, the 
streak S 1a being due to the gradual decomposition, during 
the development with phenol, of homoserine lactone, pro- 
duced from homoserine under the conditions of acid hydro- 
lysis. Synthetic homoserine, after heating with 6N-HCl as 
above, showed identical chromatographic behaviour, pro- 
ducing spots in the positions of those of $1 and Sla. 

To obtain information regarding the nature of the com- 
pounds S 2 and S3 (Fig. 1), 100 mg. of Z was hydrolysed with 
6N-HCl, and after repeated evaporation of the hydrolysate 
to remove HCI the residue was dissolved in 1 ml. of water and 
applied as a band across a sheet of washed Whatman no. 3 
paper. The chromatogram was developed for 40 hr. in n- 
butanol-acetic acid (solvent D) and, after drying, the 
positions of the hydrolysis products were determined by the 
location-strip technique. The products S2 and 83 were well 
resolved and were isolated from the paper in a manner 
similar to that described for Z. S1 (homoserine) and Sla 
(homoserine lactone, which had a slightly higher Ry than the 
parent compound) were not isolated separately. 

The purity of the materials isolated was checked by 
chromatography in phenol (A), butanol-acetic acid (D) and 
collidine—lutidine (#). Whilst S2 and S3 were free of other 
ninhydrin-reacting substances, chromatograms developed 
with solvent # showed that the S1/S 1a complex contained 
small amounts of a further ninhydrin-reactive substance S4 
(see Fig. 2). The isolated S1 plus S1a was therefore further 
purified on a paper chromatogram run for 36 hr. in collidine— 
lutidine, from which separate fractions of S1 plus Sla and 
S4 were isolated. 

Nature of S1 and Sla. Sla was converted into a sub- 
stance which behaved like S1 on paper chromatograms by 
treatment with 10N-NH, soln. at 100°. Such treatment 
converts homoserine lactone into homoserine. 

S1 was inseparable from homoserine when the two sub- 
stances were chromatographed together on paper chromato- 
grams developed with solvents B, C, E and F. 
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S11 was slowly oxidized by a solution of 1% (w/v) KMnO, 
in 20% (w/v) H,SO, to a substance chromatographically 
identical with aspartic acid. 

These observations support the idea that S1 was homo- 
serine, and S la was homoserine lactone. 

Identity of S2. S2, dissolved in 0-5N acetic acid was 
readily converted into y-aminobutyric acid by treatment 
with H, at a pressure of 50 lb./sq.in. in the presence of 
Adams’s PtO, catalyst. The y-aminobutyric acid was 
identified chromatographically by comparison with an 
authentic sample of synthetic material. It had m.p. 191°, 
and the mixed m.p. with an authentic sample (m.p. 191°) 
was 189°. 

When heated with 10N-NH, soln. in a sealed ampoule 
at 100° for 3-4hr., S2 gave mainly «y-diaminobutyric 
acid, together with traces of azetidine-2-carboxylic acid 
and +y-amino-«-hydroxybutyric acid. Each product 
was recognized by chromatographic comparison with 
synthetic material; the characteristic ninhydrin colour 
responses of ay-diaminobutyric acid (red-brown) and 
azetidine-2-carboxylic acid (brown) aided in their identifi- 
cation. 

S2 was inseparable from synthetic y-amino-«-chloro- 
butyric acid when the two substances were chromato- 
graphed together in solvents A, D and EH. The synthetic 
material reacted in the same way as S2 when hydrogenated 
or treated with NH; soln. 

These observations support the idea that S 2 was y-amino- 
a-chlorobutyric acid. 

Identity of S3. When hydrogenated under the conditions 
described above, S3 gave a-aminobutyric acid (identified 
chromatographically). When treated with aqueous 10n- 
NH, soln., some «y-diaminobutyric acid was formed to- 
gether with larger amounts of homoserine. From these facts 
and the similarities of the ninhydrin colours of S 2 and 83, it 
is inferred that S3 was «-amino-y-chlorobutyric acid. No 
satisfactory method of synthesizing this compound has been 
found (see Discussion). 

Identity of S4. S4 was shown to be inseparable from 
synthetic y-amino-«-hydroxybutyric acid when the two 
substances were chromatographed together in solvents A, 
Dand E. 84 was oxidized far more readily than homoserine 
by 1% (w/v) of KMn0O, in 20% (w/v) of H,SO,, giving a 
product chromatographically indistinguishable from - 
alanine. These observations support the idea that S4 was 
y-amino-«-hydroxy butyric acid. 

Under the conditions used for the hydrolysis of Z with 
HCl, homoserine and y-amino-«-chlorobutyric acid were the 
main reaction products, being formed in approximately 
equal amounts, and y-amino-«-hydroxybutyrie acid and 
a-amino-y-chlorobutyric acid were produced in much 
smaller amounts. 

Other hydrolytic reagents. Hydrolysis of Z with 3N-H,SO, 
at 100° for 24 hr. yielded homoserine, and two other products 
which moved very slowly on paper chromatograms in 
solvent D and gave a normal purple colour with ninhydrin. 
Their identities were not studied further. 

Treatment of Z with 70% (w/v) HL and a trace of red P at 
140-150° for 4 hr. gave homoserine, homoserine lactone and 
y-aminobutyric acid as the main products together with 
small amounts of «-aminobutyric acid (all substances 
recognized chromatographically). 

Z was apparently unchanged after treatment with 
5N-Ba(OH), solution at 100° for 24 hr. 
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Synthesis of y-amino-a-chlorobutyric acid. In the synthesis 
of this substance use was made of the fact that the «-amino 
group of an amino acid is far more readily replaced by 
another substituent (e.g. OH or Cl) than are amino groups 
on other carbon atoms. 

L-xy-Diaminobutyriec acid dihydrochloride (225 mg.), 
prepared from L-glutamic acid by the method of Adamson 
(1939), was dissolved in 10 ml, of 10N-HCl in a Kjeldahl 
flask. Finely powdered AgNO, (0-75 g.) was then added to 
8 ml. of ice-cold N-HCl, and the mixture filtered through 
glass wool into the solution of diaminobutyric acid. This 
solution was then boiled for 1 hr., 6N-HCl solution being 
added as necessary. The contents of the flask were then 
evaporated to dryness three times to remove HCl. The 
residue consisted of y-amino-«-chlorobutyric acid, together 
with unchanged diaminobutyric acid. These two substances 
were readily separated on a paper chromatogram developed 
with solvent D for 40 hr. y-Amino-«-chlorobutyric acid was 
isolated from the chromatogram by procedures described 
above, and purified by repeated precipitation from concen- 
trated aqueous solutions by the addition of ethanol. Yield 
30 mg., m.p. 171°. (Found: C, 35-2; H, 5-7; N, 9-9; Cl, 25-5. 
C,H,O,NCI requires C, 34-9; H, 5-8; N, 10-2; Cl, 25-8%.) 
The optical configuration of the product was not determined, 
although the conditions used probably caused racemization 
to occur (compare Hamilton, 1952). 

Synthesis of y-amino-x-hydroxybutyric acid. This sub- 
stance was prepared from «y-diaminobutyric acid under 
conditions normally used for the replacement of an «-amino 
group by an OH group. Silver nitrite (0-75 g.) was added to 
10 ml. of n-H,SO, with stirring. The mixture was filtered 
through glass wool into a solution of 225 mg. of L-ay- 
diaminobutyric acid dihydrochloride dissolved in 10 ml. of 
water. After standing for 30 min. most of the Ag* and 
SO,2- ions were removed by addition of hot Ba(OH),, and 
solid BaCO, was added to complete the precipitation of 
Ag.O and BaSO,. The filtrate was then evaporated to 
dryness; the residue consisted of unchanged diaminobutyric 
acid and y-amino-«-hydroxybutyric acid. These two sub- 
stances were separated on a chromatogram developed in 
solvent D for 40 hr., and the y-amino-a«-hydroxy butyric acid 
was isolated free of other ninhydrin-reactive substances. It 
was very soluble in water, and the syrup obtained only 
slowly crystallized when desiccated. Recrystallization of 
the small quantity obtained (35 mg.) was not achieved. 

y-Amino-«-hydroxybutyric acid has been prepared by 
decarboxylation of y-hydroxyglutamic acid with Escherichia 
coli by Virtanen & Hietala (19556), who observed chromato- 
graphic properties for their material similar to those re- 
corded on Fig. 1 for 84. 

Synthesis of azetidine-2-carboxylic acid. (a) From y- 
aminobutyric acid. y-Aminobutyric acid (200 mg.) was 
mixed with 0-1 ml. of Br, and a trace of red P and heated in 
a sealed ampoule at 100° for 12 hr. A small portion of the 
reddish brown viscous product was dissolved in water and 
the solution chromatographically examined. The y-amino- 
butyric acid had been largely converted into a substance 
moving slightly slower than the parent compound in 
butanol-acetic acid (solvent D), and which reacted with 
ninhydrin to give a yellowish brown colour which slowly 
changed to purple over 24 hr. This intermediate, although 
not separately isolated, was almost certainly y-amino-«- 
bromobutyric acid, by the similarity of its properties (e.g. 
colour behaviour with ninhydrin; reaction with conc. NH, 
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soln. to give wy-diaminobutyric acid) to those of y-amino-a- 
chlorobutyric acid, and the fact that halogenation normally 
occurs at the carbon atom adjacent to a carboxyl group. The 
remaining product of bromination was dissolved in 10 ml. of 
water, and 10 ml. of hot N-Ba(OH), was added. The mixture 
was refluxed for 20 min. and the barium was precipitated by 
the addition of the theoretical quantity of H,SO,. Bromide 
was removed from the filtrate by stirring in freshly prepared 
Ag,COsg, and after a further filtration silver was removed by 
H,S. The final filtrate was evaporated to dryness; the residue 
consisted of azetidine-2-carboxylic acid, some unchanged 
y-aminobutyric acid and a trace of y-amino-«-hydroxy- 
butyric acid. The azetidine-2-carboxylic acid was purified by 
chromatography on a sheet of Whatman no. 3 paper de- 
veloped in solvent D for 48 hr. The isolated material was 
recrystallized from 95% (v/v) methanol to yield 38 mg. of 
optically inactive azetidine-2-carboxylic acid. On heating, 
the crystals gradually darkened in colour above 200° 
without melting. 

(6) From tu-ay-diaminobutyric acid dihydrochloride 
(prepared as Adamson, 1939). L-Diaminobutyric acid di- 
hydrochloride (5 g.) was dissolved in 150 ml. of 10N-HCl in 
a 400 ml. beaker placed in a water bath at 60°. Finely 
powdered AgNO, (10 g.) was then added to 120 ml. of ice- 
cold N-HCl with stirring. Silver chloride was removed by 
filtration through glass wool, the filtrate being run into the 
beaker containing the diaminobutyric acid solution. The 
mixture was kept at 60° for 20 min. and then evaporated 
rapidly in vacuo at 50° on a rotary evaporator. The residue 
was found by paper chromatography to consist of y-amino- 
«-chlorobutyric acid, together with some unchanged 
diaminobutyric acid and a small amount of y-amino-a- 
hydroxybutyric acid. The isolation of the chloroamino acid 
was not attempted at this stage, but the residue was dis- 
solved in 100 ml. of water and 100 ml. of hot n-Ba(OH), was 
added. The mixture was refluxed for 20 min. and the azeti- 
dine-2-carboxylic acid formed was isolated by the procedure 
used in method (a) above. The yield of recrystallized 
material was 1-3 g. It had [«]?? + 102° in water (c, 3-6). The 
substance did not melt but slowly darkened in colour when 
heated above 200°. (Found: C, 47-5; H, 6-9; N, 13-5. 
C,H,0.N requires C, 47-5; H, 6-9; N, 13-8%.) The molecular 
weight by Barger’s method was about 100. 

The optical activity of the final product was dependent 
upon the temperature and the time of heating of the 
diaminobutyric acid with the HNO, and HCl mixture in the 
first stage of the preparation. When a temperature of 70° was 
used for 40 min., the azetidine-2-carboxylic acid obtained 
had [«]?? +79°, and boiling for 90 min. gave an optically 
inactive product. 

Identity of Z with synthetic azetidine-2-carboxylic acid. The 
two substances showed identical chromatographic be- 
haviours in solvents A, D, E and F, and reacted with nin- 
hydrin under normal conditions (chromatograms heated to 
about 80°) to give characteristic brown-coloured spots. 
When the chromatograms were sprayed with ninhydrin and 
allowed to stand at laboratory temperature to develop 
colour, the substances reacted slowly to give a more normal 
colour (purple), which later changed to brown on heating. 

The infrared spectra of the natural material (Z) and the 
optically active synthetic compound ({«]j?+102°) were 
identical (Fig. 4). The infrared spectrum of synthetic 
optically inactive azetidine-2-carboxylic acid was quite 
different. Marked differences have been found to occur 
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Fig. 4. Infrared spectra of azetidine-2-carboxylic acid. 
A, natural, (—) form; B, synthetic, (+) form; C, syn- 
thetic (racemic). All spectra were determined with Nujol 
mulls of the imino acid. 


between the spectra of other active and racemic compounds 
(amino acids including y-methyleneglutamic acid and y- 
methyleneglutamine, Wailes, Whiting & Fowden, 1954; 
proline, Hamilton, 1952; pipecolic acid, personal communi- 
cation from Professor F. C. Steward, Cornell University). 

All spectra were determined on mulls prepared by inti- 
mately grinding the samples with Nujol (liquid paraffin). 

Quantitative extraction of amino acids from plant materials. 
Plant material was macerated with ethanol to give a final 
ethanol concentration of 70% (v/v). The extraction was 
repeated until virtually complete extraction of soluble 
nitrogenous compounds had been achieved. The combined 
extracts were evaporated to dryness at laboratory temper- 
ature and the residues redissolved in small volumes of 
water. Each solution was twice extracted with an equal 
volume of CHCl, to remove pigments, and the aqueous 
layers were re-evaporated. The residues were finally dis- 
solved in water so that 1 ml. of each solution contained the 
soluble substances present originally in 5 g. of fresh leaf 
material or in 2:5 g. of air-dry seed material. Portions 
(301.) of all extracts were used in the preparation of the 
quantitative chromatograms. 


SUMMARY 


1. Anew cyclic imino acid, azetidine-2-carboxylic 
acid, was isolated from leaves of Convallaria majalis 
(lily-of-the-valley), and its structure confirmed by 
comparison with synthetic material. 

2. pi-Azetidine-2-carboxylic acid was syn- 
thesized from y-aminobutyric acid; optically active 
azetidine-2-carboxylie acid [(+)-form] was syn- 
thesized from L-xy-diaminobutyric acid. 

3. Four products resulted when azetidine-2- 
carboxylic acid was treated with 6N hydrochloric 
acid. These products were identified as homoserine, 
y-amino-x-hydroxybutyric acid, y-amino-«-chloro- 
butyric acid and «-amino-y-chlorobutyric acid, the 
nature of the first three being confirmed by com- 
parison with synthetic material. 

4. The amounts of azetidine-2-carboxylie acid 
and other amino acids present in certain members of 
the Liliaceae and Agavaceae were determined. The 
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new imino acid was a major soluble nitrogenous 
constituent of several of the plants. 

5. Possible steps involved in the biogenesis of 
azetidine-2-carboxylic acid have been briefly 
discussed. 


Part of this investigation was made whilst the author was 
working as a Rockefeller Foundation Fellow in the Depart- 
ment of Botany at Cornell University. I wish to extend 
my thanks to Professor F. C. Steward for his hospitality 
and helpful discussions, and to Professor W. H. Pearsall, 
F.R.S., at University College, London, for making many 
things possible. Lastiy I would wish to acknowledge the 
technical assistance of Miss A. E. Wright during the early 
stages of the investigation. 
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The Composition of Isolated Cerebral Tissues: 
Ascorbic Acid and Cozymase 
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Isolated cerebral tissues in simple, oxygenated 
glucose salines reproduce many characteristics of the 
tissue in situ. In particular, energy-rich compounds 
are in part resynthesized, and this discovery en- 
couraged search for in vitro counterparts to excita- 
tion. Metabolic responses to electrical stimulation 
were indeed found (Mcliwain, 1951) but were not 
transmitted to the same extent as in the tissue 
in vivo (MclIlwain, Gerard & Ochs, 1952; McIlwain, 
unpublished work). While this lack may be the 
result of factors other than chemical ones, it 
appeared pertinent to examine in more detail the 
composition of the isolated tissue and to attempt to 
make good any deficiencies found in it. Previous 
relevant work includes that of Stern, Eggleston, 
Hems & Krebs (1949) and Krebs, Eggleston & 
Terner (1951) on glutamate and K* ions; of LeBaron 
(1955) and McIlwain & Tresize (1956) on glycogen, 
lactate and glucose, and of Thomas & Mcllwain 
(1956) on Cl ions. In the present paper the ascorbic 
acid and cozymase of rat and guinea-pig cerebral 
cortex are studied from this point of view. 
Ascorbic acid appeared of special interest, for it is 
at high level in the brain. Concentrations in the 
hypophysis almost equal those of the adrenal, and in 
the cerebrospinal fluid of mammals are about twice 
those of blood plasma (see Lloyd & Sinclair, 1953). 
Dehydroascorbic acid on injection markedly 
affects the central nervous system (Patterson & 
Mastin, 1951). Cozymase has already been studied 
in separated cerebral tissues in this laboratory (Gore, 
Ibbott & MclIlwain, 1950) and present observations 
were made to see whether its level changed with 


* Present address: Department of Pathology, Royal Free 
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induced changes in tissue metabolism. With both 
ascorbic acid and cozymase, the present observa- 
tions were limited to the total quantity of substance 
without differentiating between oxidized and 
reduced forms. 


EXPERIMENTAL 


Tissues. The tissues were from adult rats and guinea pigs. 
Albino rats of about 300g. were used, which had been 
maintained on rat cubes, diet no. 41, obtained from the 
Associated London Flour Millers. Guinea pigs weighing 
400-500 g. had been fed on diet no. 18 from the same source. 
Animals were stunned by a blow on the neck and were bled. 
The brain was removed and opened, and large slices 
0-35 mm. thick were prepared quickly (see MclIlwain, 1951). 
These were weighed after draining from saline, some fitted 
to electrodes, and placed in the saline of the experimental 
vessel. Salines were those of Rodnight & MclIlwain (1954), 
quick-transfer electrodes and procedures those of Heald & 
Mcllwain (1956), and the grid electrodes, type H of Ayres & 
Mellwain (1953), wound with enamelled silver wire. This 
last paper also gives details of electrical pulses, manometric 
vessels and procedures. Incubation was at 37-5°, in mano- 
metric vessels (except when stated otherwise), in 3-5 ml. of 
saline. This was usually oxygenated; in anaerobic experi- 
ments N, or N, + CO, was used with yellow phosphorus in a 
centre well. 

Estimations. Lactic acid was determined according to 
Barker & Summersen (1941). For ascorbic acid estimation 
the tissue and a sample of saline were placed in 4% (w/v) 
trichlceroacetic acid and the method of Roe & Kuether (1943) 
was applied. Total cozymase was determined with apozy- 
mase (Axelrod & Elvehjem, 1939) after extraction with hot 
buffered nicotinamide (Gore et al. 1950). A specimen of 
cozymase from Sigma Chemical Co. was used as substrate 
and as standard in the apozymase assay. Spectrophoto- 
metric determination showed it to be of 75% purity. 
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RESULTS 
Ascorbic acid 


Rat cerebral cortex sampled promptly had 
2-28 + 0-08 (s.D.; 6 animals) pmoles of total ascorbic 
acid/g. fresh wt., which is within the rather large 
range of values previously reported for rat brain 
(see Lloyd & Sinclair, 1953). On incubating such 
tissue, sliced, in oxygenated glucose—-phosphate 
saline, its ascorbate fell rapidly so that after 10 min. 
only a third remained ; this later fell to a fifth (Fig. 1). 
A large part of the ascorbate lost was found in the 
saline which, initially without ascorbate, increased 
to 30-50ym, this representing a gain of some 
140 pmoles from the 40-50 mg. of tissue, or the 
greater part of its initial content. Nevertheless, it 
will be noted that the distribution of ascorbate in 
the system is in favour of the tissue, for its volume is 
only about one-sixtieth of that of the fluid. 

As the normal levels of ascorbate in blood plasma 
and in cerebrospinal fluid are 30-100 uM, effects of 
increased ascorbate in the saline were examined. 
The additions promptly caused increases in tissue 
ascorbate (Fig. 1). Uptake increased with time 
during the 30-60 min. of observation; with mm 
ascorbate the level in the tissue rose above its initial 
value. This gain, however, required more than the 
presence of ascorbate in a balanced salt mixture, for 


103 mM 
(no glucose; no O2) 


Tissue ascorbate (umoles/g.) 





0 30 60 
Time (min.) 
Fig. 1. Ascorbic acid content of rat cerebral cortex during 
incubation in phosphate salines, some of which contained 


ascorbic acid added initially at the concentrations quoted 
beside each curve. Except in the instance noted, the 
saline contained glucose and was exposed to O,. 
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if the tissue was incubated without glucose and O, 
it did not recover its original level of ascorbate even 
when the relatively high level of 1 mm was provided 
in the surrounding fluid. 

The activity of the tissue in assimilating ascorbic 
acid is illustrated in Fig. 2 by the ratio of ascorbate 
in the tissue to that in the fluid. The upper two 
curves concern levels of external ascorbate which 
reach final values corresponding to those normal to 
blood plasma or cerebrospinal fluid. After 10 min. 
exposure to such fluids, equilibrium had not been 
reached, but between 30 and 60min. relatively 
stable values were observed with external ascorbate 
concentrations of 30 or 100 um. The concentration 
ratio of 8-9 in favour of the tissue is rather lower 
than the values of 10-20 which normally appear to 
exist between blood plasma or cerebrospinal fluid, 
and the brain, in vivo. In vitro ratios were markedly 
lower with an external ascorbate of 1 mm, though 
the actual levels in the tissue were higher. 


Cozymase 


The cozymase level of guinea-pig cerebral hemi- 
spheres was initially 240um-moles/g. (S.D. 15; seven 
animals). After cutting slices and placing them in 
saline for 5 min., values of 170um-moles/g. (s.D. 19; 
20 slices, seven animals) were found. The slices 
under these conditions imbibe saline and increase in 
weight by 20-25% (Rodnight & McIlwain, 1954); 
thus the true loss in cozymase is not more than 





Concn. ratio 





0 30 60 
Time (min.) 


Fig. 2. Tissue ascorbate in the experiments of Fig. 1, 
expressed as the ratio tissue content («moles/g.)/fluid 
concentration (mM). Tissues were in oxygenated glucose 
saline for the periods shown. The initial ascorbate con- 
centration in the saline is quoted beside each curve in the 
figure. 
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10-15 %. Thereafter, incubation in glucose salines 
aerobically had little effect on cozymase level 
(Fig. 3). Moreover, several procedures which 
altered the level of metabolic activity in the tissue 
had little or no effect on its level of total cozymase 
(Table 1). Prompt fixation after applying electrical 
pulses revealed no change in cozymase level. These 
experiments (Table 1, B) employed conditions under 
which glycolysis and other aspects of carbohydrate 
metabolism had been shown to undergo rapid 
change (Heald, 1956; MclIiwain & Tresize, 1956). 


2 
N 


Aerobic 


° 
= 


Aerobic 


Tissue cozymase (jzmoles/g.) 





0 30 60 90 120 
Time (min.) 

Fig. 3. Cozymase of guinea-pig cerebral cortex during 
incubation in glucose—phosphate saline, aerobically or 
anaerobically as indicated. ©, Tissue without nicotin- 
amide; @, tissue with nicotinamide (mm). 


Table 1. 


Cozymase values are the mean of duplicate determinations agreeing within 7%. 
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2:4-Dinitrophenol in concentrations which greatly 
increased respiration was without effect on the 
cozymase level. 

Anaerobic conditions, however, even in presence 
of glucose, led to fall in the tissue cozymase to half 
its original value (Fig. 3). The fall was not affected 
by 60 mM nicotinamide (the relatively high concen- 
tration that inhibits degradation of cozymase by 
ground cerebral tissues), nor by mM nicotinamide, 
nicotinic acid or adenosine 5-phosphate, added as 
potential precursors of cozymase. During a sub- 
sequent aerobic period, cozymase was maintained at 
the same lowered level, without resynthesis (Fig. 3) 
even when the compounds just mentioned were also 
present. The decreased level of cozymase was also 
relatively stable anaerobically when experimental 
conditions were changed. Thus when anaerobic 
glycolysis was decreased to some 30 % of its normal 
value, by addition of potassium salts or by electrical 
pulses (Table 1, C and E), cozymase changed little. 
Pulses applied throughout the period of anaerobic 
metabolism greatly lowered glycolysis, but de- 
creased cozymase by only 15%. 


DISCUSSION 


The two cerebral constituents now studied present 
an interesting contrast. Tissue ascorbate fell 
promptly in the absence of an external supply ; with 
supply at about blood level it rose to concentrations 
approaching those normal to the brain, in 30- 
60 min. Restoration of ascorbate in vitro was thus 
slower than that of the tissue creatine phosphate but 
faster than that of tissue glycogen (McIlwain, 1955). 
The restoration was probably energy-assisted, as it 


‘ozymase of slices of guinea-pig cerebral cortex 
Coz 1 ( pur bral cort 


Respiration (R) and glycolysis values 


(G) are averages for the slices from the different positions during the period just before their removal for fixing; they had 
typical, stable values during the experiments except when additions were made or pulses applied. 


Treatment 
A: 70 min. in glucose—phosphate saline; O, 
As A, with 0-2 mm-2:4-dinitrophenol in last 40 min. 
3: 40 min. in glucose—phosphate saline; O, 
As B, with electrical pulses during last 20 min. 
C: 70 min. in glucose—bicarbonate saline; N, + CO, 
As C, with electrical pulses during last 40 min. 
D:asC 
As D, with electrical pulses during whole period 
E:asC 
As E, with 30 mm-KCl during last 40 min. 


a 


Terminal 
respiration 
(pmoles of 

O,/g./hr.) 

or glycolysis 


Terminal cozymase (um-moles/g. of 
fresh tissue) in slices cut in 
the following order :* 





(umoles of (a —— 

lactate/g./hr.) Ist 2nd 3rd 
R, 62 126 101 104 
R, 110 121 106 101 
_— 110 108 99 

—- 105 99 107 

G, 181 77 94 85 
G, 50 $1 87 81 
G, 168 94 87 83 
G, 29 82 75 67 
G, 152 99 91 82 
G, 42 99 80 85 


* Slices cut first were those nearest to the outer surface of the brain; those cut third were nearest to the lateral ventricle. 
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did not take place in the absence of glucose and 


oxygen. In rats in vivo, injection of dehydro- 
ascorbic acid but not of ascorbic acid has been 
found to increase promptly the cerebral ascorbic 
acid (Patterson & Mastin, 1951). The difference 
between in vivo and in vitro penetration can be 
ascribed to the blood-brain barrier, which is not 
easily passed by acidic substances. 

The values for cozymase proved much more 
stable. Its level in the separated tissue was in- 
vestigated partly to ascertain whether a basis 
could be found for the anaerobic effect of electrical 
pulses in decreasing glycolysis (Table 1). This effect 
is inhibited by nicotinamide (McIlwain, 1956) as also 
is the rapid process of cozymase degradation which 
occurs in ground cerebral tissues. The pulses, how- 
ever, had much less effect on cozymase level than on 
glycolysis. A partial explanation for the anaerobic 
effects of electrical pulses has been given by Thomas 
(1956). 


SUMMARY 


1. The total ascorbic acid of slices of rat cerebral 
cortex, initially 2-3 umoles/g., fell by four-fifths on 
aerobic incubation in glucose saline for an hour. 
Most of the ascorbate lost to the tissue was found in 
the saline. 

2. Addition of ascorbate to the saline increased 
the ascorbate content of the tissue, which could by 
this means be raised above its initial level. With 
external ascorbate of 30-100 uM, tissue ascorbate 
reached after 30-60 min. levels 8-10 times those of 
the fluid. The uptake of ascorbate by the tissue was 
greatly decreased when glucose and oxygen were 
absent. 

3. Cozymase of guinea-pig cerebral cortex fell 
only about 15% during in vitro respiration in 
glucose salines, even though no cozymase or 
potential precursors were added; inclusion of 
nicotinamide did not increase tissue cozymase. 
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4. The cozymase level decreased anaerobically 
and was not increased again by various additions. 
It underwent little or no further change when 
anaerobic glycolysis was greatly decreased by 
electrical pulses or by potassium salts. 


These studies were carried out during the tenure by 
J.L.B. of a Medical Research Council Studentship, and owe 
much to apparatus provided by the Research Fund of the 
Bethlem Royal Hospital and the Maudsley Hospital. 
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The Composition of Isolated Cerebral Tissues: Creatine 


By J. THOMAS 
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Study of isolated cerebral tissues in an electrically 
excited condition was based on the finding that when 
the tissues respired in simple oxygenated salines, 
their creatine phosphate and adenosine triphosphate 
were in part resynthesized (MeIlwain, 1951, 1955). 
The levels reached remained, however, only about 
50% of those of the tissue in vivo. Explanation of 


this is now being sought as outlined in the previous 
paper (McIlwain, Thomas & Bell, 1956). Of neces- 
sary precursors, creatine is known to be present at 
considerable level, free, in the brain in vivo (Hunter, 
1928). Maintenance of its level is now reported in 
the separated tissue under different conditions of 
metabolism and of electrically induced activity. 





336 J. THOMAS 1956 











EXPERIMENTAL é 23 z | fT 
e2E2 [ gee s 
Salines and preparation of tissue. Glucose—phosphate and = 3 = 2.2 es | SEE > ee 
glucose-bicarbonate salines were made up as described by Be 28 an cet Seo tH’ Hh 
Rodnight & McIlwain (1954). In anaerobic experiments, £2 SS g 2o= | —<°2e 2 
unless otherwise stated, incubation was in bicarbonate— ew est fu 8) i 
saline in an atmosphere of N, + CO, (95:5) with a stick of : 2 8 % Bas | x 
yellow phosphorus in the centre well of the manometric S5& 8 £5 3 = | ap 32_2e F 
vessel. In some experiments when phosphate was to be £ . e as g* e $s PSs > | | 
determined the phosphate buffer was replaced by amino- 2Sog s = & Sa 3g &¢ Ho HD 
trishydroxymethylmethane (tris), at a final concentration of Se Re | = @ ~—& B = 
0-025M, and when KH,PO, was omitted from the medium a - 4 S 3 
the potassium concentration was maintained by increasing ee z 2 5 : m= = 
the amount of KCl. ae a eB ( =S »- 
Guinea-pig cerebral cortex slices of about 40 and 100 mg. s 3 B 2B a, oa, & 
moist weight were cut. For electrical treatment of tissue, % eg to'E..5 a ear. 5 
slices of 40 mg. were floated on to the silver-grid holders Ss AB a2 et SNM e | 
. . e * ‘ ° S neoror as | =~ ° 
(type H) before insertion into specially designed vessels 3S segid $s co | 
(Ayres & McIlwain, 1953). Experiments were run with six . 2 cee oF 2 
slices from each brain, gas exchanges being followed mano- S Z33b84 | = S | a 3 | 
metrically. S Boke s =s # 
Estimation of inorganic phosphate and creatine phosphate. Ss ZOD : aot 2 | sy 
The method was essentially the same as that of Heald (1954), = ge 3 = > = page wn 2 
based on Long’s (1943) modification of the method of = = : =~3% L ro § 
Berenblum & Chain (1938). For initial extraction of tissue s 83 g = z 2 * § 
weighing about 100 mg., 3 ml. of 10% (w/v) trichloroacetic 2 3 ia Ag a] 8 
acid at — 5° was used. With 40 mg. slices it was necessaryto & 5 25 2% e)/os os S & 
combine two such samples. 3s 4 z gag 2 Se _ 2 @ = 
Determination of free creatine of tissue. The method used 3s s 2 2 2 ZB mw 1S & = 252 a 
was similar to that of Eggleton, Elsden & Gough (1948). 2 S 2 7 a? - rHOom « | 
Ennor & Stocken (1948) suggested the use of p-chloro- > t 2 e QF e/a zs eo 
mercuribenzoate to eliminate interference by other materials Ss ES 5 - Ses = ae & < a g 
present in tissue extracts, and this modification was "S  ¢ & 5 8b 5 fo = = Ss a 
adopted. S ua Ss 3 g = | 25 2 er 
On completion of metabolic experiments, slices weighing ‘a, OU 2,9 2g g o 3 OoMee 3 
100 mg. were removed from vessels, drained rapidly against 2 SF gk al2>, = 6 e eo 2 
a watch glass to remove adhering fluid, and extracted with S @8 Sig 1a ocoS Bp 
3 ml. of 10% trichloroacetic acid at — 5°. After homogeniza- $ = 20S & 8 
tion and centrifuging at — 5° the supernatant was decanted a. ta & g ( _~— 2 
into a wide, stoppered tube. The residue was re-extracted 7 egs*e sc 8 ' 
with 1-5 ml. of 5% trichloroacetic acid and washings were 2 Eid 2 gz is rma) Ay an S see 
added to supernatant. The solution was made alkaline with 2s o S a2 Ss —~S4yHe 3a | 
7-5n-NaOH, and 1 ml. of 0-05 p-chloromercuribenzoate, & 84 os B 3 o> + A ° > 5 
2 ml. of the alkaline «-naphthol reagent of Eggleton et al. = a PESm 2s a 
(1943) and 1 ml. of 1% diacetyl were added. After making Ge Fy 3 = = = ' “Aes = 
up the volume to 10 ml. with water, the colour was allowed =a Sa es & =| Sco 38 
to develop for 0-5 hr. in the dark, and was then read on a o & & 3 20S, = iH = = ae 
Beckman spectrophotometer at 520 mp. Standards were 3 g _ Sis ‘ Omnye & 
run with a sample of creatine (British Drug Houses Ltd.) Be So fsa anges = 
which had been recrystallized as the monohydrate from hot = 8 = ge e26eeoo0 5 | 
water. Controls were run with reagents alone. oats § 
For slicés weighing 40 mg. extraction was with 3 ml. of oo 2 2.8 eet apie ns > 
trichloroacetic acid, the final volume for estimation being af ss - & = 5 e 24 = = = 5 
7 ml. Standards were also run under these conditions. = 3 = S & a a5 = go ZATZ * 
RESULTS B80 8 S 
D Sten > ht 
‘ -_ = ~ a 
Maintenance of creatine phosphate under g PA : Sy = | 
different metabolic conditions S£83o08 z = 
: : : SSFsag aMs38 
Table 1 gives values for the creatine phosphate and BSok oz OG ea 
inorganic phosphate of slices of guinea-pig cerebral ° 2s 3 aS $ = 89 
cortex in experiments with glucose—tris and glucose— 3&2 > m= e 2 2.2 Sus 
bicarbonate salines. Under aerobic conditions the 255 & Bem 





956 


* Oxygen uptake was measured by replacing bicarbonate with phosphate saline during aerobic recovery phase. 
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Table 2. Free creatine concentrations of cortex slices when maintained under varying conditions of metabolism 


Slices were incubated in 3-5 ml. of saline in manometric vessels at 37-5° for 80 min. Alternating condenser pulses at 
100/sec., peak voltage 10v, time impulse 0-4 msec., were applied for the latter 40 min. period of incubation. Mean values 
are given+standard error with number of observations in parentheses. 





Electrical Creatine (ymoles/g. 
Gas phase Additions to saline medium pulses wet wt. of tissue) 

None (Fixed immediately after cutting) None 10-0+0-6 (12) 
Oz Phosphate None 1-87+0-2 (18) 
O. Phosphate + 16 (3) 
O, Phosphate + mm glutamate None 1-97 (3) 

2 Phosphate +mm mixture of glycine, None 1-83 (3) 

sarcosine, methionine and arginine 

O, + CO, (95:5) Bicarbonate None 1-62+0-16 (5) 

* O. + CO, (95:5) Guinea-pig serum None 1-600-24 (6) 
N, + CO, (95:5) Bicarbonate None 1-60 40-20 (16) 
N, + CO, (95:5) Bicarbonate + 1-40 +0-20 (10) 

concentration of creatine phosphate is about 5 


1-2 nzmoles/g. of wet tissue during incubation for 
90 min. This agrees with the previous findings of 
MclIlwain, Buchel & Cheshire (1951), MeIlwain & 
Gore (1951) and Heald (1954). On the other hand, 
an anaerobic incubation of 30 min. reduced this 
value to 0-2ymole/g. Electrical pulses caused 
inhibition of anaerobic glycolysis of slices (McIlwain, 
1956), and when applied during anaerobic experi- 
ments decreased the creatine phosphate still 
further to 0-12 pmole/g. of wet tissue. 

Attempts were made to resynthesize the creatine 
phosphate of slices after anaerobiosis by reincu- 
bating aerobically for 40 min. With tris buffer there 
was no resynthesis, but with bicarbonate a level of 
0-6 pzmole/g. of wet tissue was obtained, which is 
about one-half the normal in vitro value quoted 
above. Tissue subjected to electrical pulses during 
the anaerobic period gave unly 0-35 pmole/g. of wet 
tissue after the aerobic recovery phase. 

In experiments run in tris buffer it was possible to 
measure the uptake of oxygen, and anaerobically 
depleted tissue in a subsequent period respired at 
a rate half that of the normal (Table 1). If the 
bicarbonate saline used in the anaerobic period was 
replaced by phosphate saline for aerobic recovery 
the respiration was again lower than normal tissue, 
but at a rate higher than in tris buffer. Electrical 
pulses applied anaerobically had no effect on the 
subsequent aerobic respiration. 


Maintenance of tissue creatine 

Since creatine is a precursor of creatine phosphate, 
and is known to occur in considerable amounts in 
the free form in the intact brain, it was decided to 
investigate the maintenance of creatine in cortex 
slices and its possible relationship to the resynthesis 
of creatine phosphate. 

Table 2 summarizes the values for the concentra- 
tion of creatine in cerebral slices on incubating 
under different metabolic conditions. When slices 
were fixed immediately in trichloroacetic acid levels 


99 


> 





Creatine (umoles/g. of wet tissue) 


Nr 


0 40 80 
Incubation time (min.) 


120 


Fig. 1. Effect of time of incubation at 37-5° on the in- 
corporation of creatine by slices from oxygenated glucose— 
salines buffered with phosphate ( x ) and bicarbonate (0), 
both supplemented with creatine to a concentration of 
1 mM. 


of 10umoles/g. of wet tissue were obtained. The 
preparation of slices involved leaving them for a 
period in saline before putting them into mano- 
metric vessels at 37-5°, and during this time 
creatine was quickly lost to the saline, leaving about 
2-8 pmoles/g. of wet tissue. This was decreased to 
1-8 during a subsequent metabolic incubation for 
80 min., whether the suspending fluid was glucose— 
phosphate or bicarbonate saline or fresh guinea-pig 
serum. Electrical pulses applied under aerobic or 
anaerobic conditions had little effect on tissue 
creatine. Addition of mm glutamic acid or a 
mixture of glycine, sarcosine, methionine and 
arginine, which might serve as creatine precursors, 
also failed to restore creatine to the tissue. 

When cerebral slices were incubated in oxygen- 
ated salines buffered with bicarbonate or phosphate, 
to which creatine had been added at 1 mm concen- 
tration [a level very much higher than that of 
plasma creatine (0-l1mm for human; Allinson, 
1945)] there was a gradual uptake of creatine by the 
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Table 3. Levels of free creatine in cortex slices incubated in salines containing added creatine 


Slices were in 3-5 ml. of saline containing mM creatine with or without glucose, buffered with phosphate or bicarbonate 
in vessels for 110 min. at 37-5°. For electrical pulses see Table 1. For stimulation by K+, m/35-KCl was added to saline, 
Standard deviations are given, followed by number of results in parentheses. 





Stimulation 
Saline + glucose buffered (electrical Creatine 
with phosphate or or by adding (umoles/g. wet 

Gas phase bicarbonate excess of K+) wt. of tissue) 
Oz Glucose, phosphate None 4-9 (3) 
O, No glucose, phosphate None 2-8 (3) 
N, Glucose, phosphate None 2-9 (3) 
O, + CO, (95:5) Glucose, bicarbonate None 3-9 (4) 
N, + CO, (95:5) No glucose, bicarbonate None 2-3 (3) 
N, + CO, (95:5) Glucose, bicarbonate None 2-6+0°3 (11) 
N, + CO, (95:5) Glucose, bicarbonate Electrical 1-8+0-2 (10) 
N, + CO, (95:5) Glucose, bicarbonate K+ 2-9 
N, + CO, (95:5) Glucose, bicarbonate Electrical 


followed by 
O, + CO, (95:5) — 
* Slices subjected to anaerobic incubation for 50 min. and 


Table 4. Effect of mm creatine in saline on creatine 
phosphate resynthesis 


Manometric vessels contained slices suspended in 3-5 ml. 
of bicarbonate saline with or without mm creatine. The 
gas phase was O, +CO, (95:5), the temperature 37-5° and 
the incubation period 2 hr. Standard deviations are given, 
followed by number of observations in parentheses. 


Inorganic Creatine 
phosphate phosphate 
(umoles/g. of (umoles/g. of 
Saline + creatine wet tissue) wet tissue) 
No creatine 2-6+0-4 (9) 
With creatine 2-4+0-2 (9) 





slices until after incubation for 2 hr. levels of 5-0 
and 4-0 pmoles/g. of wet tissue were attained respec- 
tively (Fig. 1). The creatine present in slices at the 
commencement of incubation was one-fifth of that 
in vivo, the loss having occurred while the tissue 
was standing in saline before being placed in vessels 
at 37-5°. This loss was greater in bicarbonate than in 
phosphate medium. 

The uptake of creatine by slices from media 
containing mM creatine was influenced by the 
metabolic conditions used (Table 3). The effect 
depended on the presence of glucose and oxygen, 
and in salines lacking in these constituents the 
creatine uptake was markedly lower. Thus the 
creatine level of 5 umoles/g. of wet tissue, attained 
by slices suspended in oxygenated glucose— 
phosphate saline, was reduced to 2-8 in the presence 
of oxygen with no glucose and to 2-9 with no 
oxygen but with glucose present. Similarly, in 
bicarbonate saline maximum assimilation of 
4 pmoles of creatine/g. of wet tissue did not occur if 
either glucose or oxygen was absent. In oxygenated 
bicarbonate with no glucose the value was 2-3, and 
in bicarbonate providet with glucose but no 





None 2-2+0-2 (6) 
aerobic recovery for 50 min. (for details see Table 1). 


oxygen, 2-6. The level was reduced still further 
when slices in bicarbonate were subjected to the 
passage of electrical pulses (1-8) or to increased 
potassium concentration (2-2 umoles/g.) in the 
medium. An anaerobic period followed by an 
aerobic recovery phase produced hardly any 
change in the tissue creatine, but there was a slight 
increase in slices which had received electrical 
pulses anaerobically. 

Cortex slices incubated in glucose—bicarbonate 
saline containing mM creatine not only incorporated 
creatine from the medium but gave higher levels of 
creatine phosphate. The normal in vitro resynthesis 
of 1-5 was increased to 2-2 umoles/g. of wet tissue 
when the amount of free creatine available to the 
slices was increased (Table 4). 


DISCUSSION 


The preparation of tissue slices, while causing 
minimum cell damage, involves a partial leakage of 
constituents to the medium. Attempts have been 
made to restore some of these constituents to 
cortex slices, as shown by the work of Stern, 
Eggleston, Hems & Krebs (1949) and Krebs, 
Eggleston & Terner (1951) on potassium salts and 
glutamate, LeBaron (1955) on glycogen and 
MclIlwain & Tresize (1956) on glycogen, glucose and 
lactate. In the present work it has been shown that 
the free creatine of cerebral slices is quickly lost 
when they are immersed in saline, and it is only by 
providing an external source of creatine very much 
in excess of the concentration in plasma that a 
partial restoration can be achieved. An analogous 
situation has been observed with ascorbic acid by 
Mcllwain et al. (1956). Uptake by slices of creatine 
and ascorbate depend on the presence of oxygen 
and glucose, probably indicating dependence on a 
supply of energy. 
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Under in vitro conditions brain slices suspended in 
simple oxygenated cannot resynthesize 
energy-rich compounds to the fullest possible 
extent. This deficiency may be due to the low level 
of precursors available in the slice, as shown by a 
raising of the creatine phosphate concentration 
when the medium is supplemented with creatine. 
The restoration of cerebral constituents is markedly 
affected by the metabolic conditions adopted and 
activity induced in tissue. Under 
anaerobic conditions of incubation there is no 
uptake of K* ions, glutamate, ascorbate or creatine, 
and creatine phosphate is at a low level. Cerebral 
slices subjected to an initial anaerobic period 
respired at rates below normal, and did not assimi- 
late creatine; the extent of resynthesis of creatine 
phosphate was small. It is to be concluded that 
such treatment depletes the tissue, a depletion that 
is aided by the passage of electrical pulses, as shown 
by the decreased free creatine and creatine phos- 
phate. McIlwain (1956) noted the inhibition of 
anaerobic glycolysis by electrically-treated cerebral 
slices, and the above change in composition appears 
to be part of the same phenomenon. 


saline 


electrical 


SUMMARY 


1. The level of free creatine in fresh guinea-pig 
cerebral cortex was 10 pmoles/g. of wet tissue. 

2. Incubation of cerebral slices in salines lowered 
the free creatine concentration to below 2 wmoles/g. 
of wet tissue. 

3. Depleted cerebral slices maintained in oxy- 
genated saline containing mM creatine for 2 hr. gave 
creatine levels of 5umoles/g. of wet tissue. The 
uptake of creatine from the medium depended on 
the presence of oxygen and glucose. 

4. The addition of creatine to the medium in- 
creased the normal in vitro resynthesis of creatine 
phosphate of cerebral cortex from 1-5 to 2-2 wmoles/ 
g. of wet tissue. 
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5. An initial anaerobic incubation of brain slices 
depleted the tissue, as shown by a reduction in 
respiration from 64 to 50umoles of oxygen/g. of 
tissue/hr. and resynthesis of only 0-6ymole of 
creatine phosphate/g. of wet tissue during a sub- 
sequent aerobic period. 

6. Cortex slices to which electrical pulses had 
been applied during the anaerobic period respired 
at a rate similar to untreated tissue but gave a lower 
resynthesis of creatine phosphate (0-35 pmole/g. of 
wet tissue). This electrical treatment also decreased 
tissue creatine when creatine was added to the 
medium. 

Tam most grateful to Professor H. McIlwain for suggesting 
this investigation and for his great help in the course of the 
work and in the preparation of the paper. 
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The Mechanism of Polysaccharide Production from Sucrose 
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(Received 18 October 1955) 


Some years have passed since the hypothesis was 
advanced that chains of levan and dextran, like 
starch, grow stepwise by the repeated transfer of 
a hexosy! group from a donor to a growing acceptor 
molecule (cf. Hestrin, 1949; Hehre, 1951). The 
validity of this hypothesis has been firmly estab- 
lished for dextrans by recent investigations 
(Koepsell et al. 1953; Hehre, 1953; Nadel, Randles 
& Stahly, 1953; Tsuchiya et al. 1955; Hellman et al. 
1955). Knowledge concerning the mode of growth 
of levans, on the other hand, is still relatively 
meagre (cf. review by Barker & Bourne, 1953; 
Dedonder & Noblesse, 1953; Hestrin, 1953). 

It has been suggested (Hestrin, Feingold & 
Avigad, 1955) that the reactions catalysed by 
levansucrase can be written in the form of a readily 
reversible primary step and a subsequent ‘irre- 
versible’ step (eqns. 1 and 2). (The term levan- 
sucrase denotes the total enzyme system concerned 
in fructosyl transfer rather than any single enzyme 
component. Reactions whose reversal could not be 
detected by the methods used have been designated 
as ‘irreversible ’.) 

fr~R+enz = fr~enz+R, 


fr ~enz+ acceptor > fr<acceptor + enz, 


(1) 
(2) 
where ~ (Lipmann’s symbol for the high-energy 
bond) designates linkage of fructofuranose (fr) to 
carbonyl] of aldose (R) as in the donor (fr~ R) or to 
enzyme (enz), and where < represents the linkage of 
fructofuranose to acceptor, which may be water or 
the carbinol site in a saccharide. 

Reversible shuttling of a fructosyl residue from 
carbonyl to carbonyl by the action of levansucrase 
has been described (Hestrin et al. 1955): 

fr~R,+R, = fr~R,+ R,. (3) 
For substrate serving at once as donor and acceptor, 
however, the net observed reaction assumes an 
‘irreversible’ form (eqn. 4): 
part reactions: 

(m) fr~R+(m) water > (m) fructose + (m) R, 

v(q—1) fr~ R+ (v) fr~ R > (v) fr, ~ R+0(q—1)R, 

(n) fr~R+P > fr,<P+(n) R, 


* Part 2: Avineri-Shapiro & Hestrin (1945). 


sum: 
(s) fr ~R+(m) H,O+ P — (m) fructose 


+(v) frgs~R+fr,<P+(s—v) R, (4) 


where symbols in parentheses are molar amounts, | 


8 being the total substrate (fr ~ R) consumed, m the 
fructose released, v the substrate serving as initial 
acceptor affording oligosaccharides fr,~R (ie 
fr,_,<fr~ R), P isan unspecified ‘ primer’ serving as 
initial acceptor affording branched or linear levan 
(fr,, <P), and (s—v) is the total aldose released. The 
‘irreversible’ transfer of fructosyl from carbonyl to 
carbinol and the nature of levan formed by the 
action of A. levanicum levansucrase are the subject 
of the present communication. 


METHODS AND MATERIALS 


Production of A. levanicum cells. The bacteria were 
cultured at 30° in Roux flasks. Each flask contained 120 ml. 
of nutrient agar overlayered thinly with 10 ml. of 5% (w/v) 
sucrose solution (Hestrin, Avineri-Shapiro & Aschner, 
1943). As starter, a 24 hr. culture in 5% sucrose—nutrient 
broth was used (2-5 ml./flask). The crop was harvested after 
36 hr., washed three or four times with cold water to free 
from medium constituents and packed by centrifuging; 
yield, approx. 50g. of packed cell paste/m.? of culture 
surface. 

Extraction of A. levanicum levansucrase from cells. All 
operations were carried out at 4°. Washed cells were sus- 
pended in 5 parts of water and disrupted during 35-45 min. 
in a Mickle disintegrator. Insoluble matter was removed by 
centrifuging at 18 000 g for 15 min. More than 90% of the 
total levansucrase activity was found in the solution. The 
faint yellow and slightly turbid fluid (‘enzyme’) contained 
1-2% of solutes. 

Assay of levansucrase activity. This activity was deter- 
mined in a standard mixture containing 6% (w/v) of 
sucrose at pH 5-4 [McIlvaine phosphate-citrate buffer, 
diluted 1:5 (by vol.)] at 37° under toluene. Deviations from 
these standard conditions are indicated. 
solution had lost less than 30% of activity after 3 months at 
4°; a lyophilized preparation retained full activity after one 
year. Enzyme was not inactivated by maintenance during 
2 hr. at pH values ranging from 4 to 10 at 6°, but was rapidly 
destroyed at pH 3-5 and at pH above 10-5. Glucose was not 
metabolized by the whole extract of A. levanicum under the 
conditions used for levansucrase reaction. When sucrose was 


Levansucrase in } 


incubated with the enzyme under toluene overnight, the : 
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reducing power of the sucrose~enzyme solution on hydrolysis 
in 0-01 N-HCl remained constant. 

Paper test of levansucrase activity. Concentrated aqueous 
solution of the substrate (about 0-1 mg.) was applied from 
a micropipette to Whatman no. 2 filter paper to a spot about 
5mm. in diameter. The spot was dried (room temp.) and 
covered with 10yl. of buffered levansucrase solution. The 
reaction on the paper was continued at 35° in an enclosed 
humid space for 4hr. Control spots contained enzyme 
without substrate and substrate without enzyme. To termi- 
nate the enzyme reaction, the paper was dried in an oven at 
50-80°. Products of reaction were resolved by paper 
chromatography (see below). 

Capillary-tube test of levansucrase activity. Controlled 
reaction conditions and the high sensitivity of the paper-spot 
test were combined by the use of a glass capillary tube as 
reaction vessel in the manner described by Porter & Hoban 
(1954). 

The components were arranged in measured drops on a 
sheet of Parafilm (La Pine and Co., Chicago, U.S.A.), mixed 
and lifted quantitatively by contact from the sheet to a 
capillary reaction vessel. Finally a drop of toluene was 
introduced. Control mixtures were prepared similarly. The 
assay system contained 1 vol. of enzyme, 0-5 vol. of phos- 
phate-citrate solution (McIlvaine buffer, final dilution 
1:20), pH 5-4, and 1 vol. of 2-5% substrate solution in a 
final total volume of about 25 yl. The capillaries, sealed at 
about 10 cm. distance from the meniscus, were immersed in 
a water bath at 37°. After 3 hr. their contents were trans- 
ferred to filter paper and the nature and number of reaction 
products ascertained by paper chromatography. 

The capillary-tube technique served as an equally useful 
means of conserving substrate in the examination of yeast- 
invertase action on fructose oligosaccharides. 

Colorimetric and titrimetric methods. Reducing sugar was 
determined according to Somogyi (1945). Aldose was 
determined in presence of fructose by a micro-adaptation of 
the iodometric method (Maclecd & Robison, 1929). The 
B-fructofuranoside linkage of oligosaccharides was com- 
pletely hydrolysed by heating in a boiling-water bath at 
about pH 2 (0:5% oxalic acid, or 0-01N-HCl) for 1 hr. 
Fructose (free plus combined) was determined specifically 
as by Roe, Epstein & Goldstein (1949). Levan, purified 
without loss by twice-repeated precipitation from aqueous 
solution with ethanol (Hestrin et al. 1943), was determined, 
without prior hydrolysis, by Roe’s reagent. Protein N in the 
enzyme was evaluated colorimetrically (Lowry, Rosebrough, 
Farr & Randall, 1951). 

Paper chromatography. Solvent systems and spray 
reagents are given in the next paper (Feingold, Avigad & 
Hestrin, 1956). 

Macropolymeric levans. ‘Culture levan’ was separated 
from a 3-day-old culture of A. levanicum grown on 6 % (w/v) 
sucrose in nutrient broth at 30°. The levan synthesized by 
cell-free extract (‘enzyme-synthesized levan’) was separated 
from a sucrose-levansucrase reaction mixture of standard 
composition (see assay of levansucrase activity) at 1 hr. 
reaction time. The crude preparations, separated by addi- 
tion of 2 vol. of ethanol to the centrifugate of spent culture 
medium or enzyme digest, were purified by repeated cycles 
of ethanol precipitation from aqueous solution, and re- 
covered finally as white non-hygroscopic powders containing 
98% of fructosan (moisture-free basis) and less than 0-1% 
of N (Kjehldal). 
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‘Levulans’. These degraded levans were separated as 
follows from a partial acid hydrolysate of culture levan. 
A concentrated solution of the native levan (10%, w/v) in 
phosphate-citrate buffer (McIlvaine) of pH 3-4 was held for 
60 min. at 60° with stirring. The solution was cooled (30°) 
and brought to pH 7 with NaOH. Ethanol added up to a 
concentration of 57% (v/v) afforded a precipitate (I) and 
a supernatant fluid (II). Levulan A of degree of polymeriza- 
tion (DP) 150 (on basis of reducing power) or 190 (by ultra- 
centrifugal analysis), representing 17% of the weight of 
original levan, was a subfraction precipitated from an 
aqueous solution of (I) by 57-65 % (v/v) methanol. Levulan 
B of DP 20 (on basis of reducing power) or 40 (by ultracentri- 
fugal analysis), representing 12% of the weight of original 
levan, was a subfraction precipitated from (Il) by 57-75% 
(v/v) ethanol and further purified by reprecipitation with an 
excess of methanol from aqueous solution after dialysis. 

Oligolevans and oligoinulins. Chromatographically homo- 
geneous preparations of levanbiose, levantriose, levan- 
tetraose and a series of oligolevan mixtures with DP range 
4-8, 6-9, 9-12 and 9-15 were obtained from partial hydro- 
lysate of the culture levan. Inulobiose and inulotriose were 
prepared from a partial hydrolysate of inulin (Difco). For 
partial hydrolysis 2% (w/v) solutions of culture levan and 
inulin in 0-01N-H,SO, were held at 70° for 15 min., cooled 
and brought to pH 7. The partial hydrolysates were freed 
from monosaccharides by displacement chromatography 
from charcoal (cf. Whistler & Durso, 1950), and the fractions 
resolved by gradient elution from charcoal (Bacon, 1954a). 
Fractions were characterized by appropriate paper chro- 
matographic tests and ratio of total ketose to reducing 
power. 

‘ Kestosides.’ Authentic specimens of 1*-8-fructosyl- 
sucrose [O-«-p-glucopyranosyl-(1 — 2)-O-8-p-fructofurano- 
syl-(1 > 2) B-p-fructofuranoside; 1-kestose (Bacon & Bell, 
1953) ], 6"- 8-fructosylsucrose[O-«-p-glucopyranosyl-(1—> 2)- 
O-B-p-fructofuranosyl-(6—>2) B-p-fructofuranoside; 6-kes- 
tose (Albon, Bell, Blanchard, Gross & Rundell, 1953)], and 
6°- 8-fructosylsucrose[O-f-p-fructofuranosyl-(2—> 6)-O-«-D- 
glucopyranosyl-(1-—> 2) f-p-fructofuranoside; neokestose 
(Gross, Blanchard & Bell, 1954)] were kindly supplied by 
Dr D. Gross, Tate and Lyle Research Laboratory. 

The substances which we have shown to be mono-, di- and 
tri-fructosides of 1*-8-fructosylsucrose, designated pro- 
visionally as oligosaccharides a, h, andc, were isolated from a 
levansucrase-sucrose reaction mixture (Feingold ef al. 1956). 

A second specimen of 6"-8-fructosylsucrose was separated 
from a sucrose—yeast invertase reaction mixture (Bacon & 
Edelman, 1950) by fractionation on charcoal (Whistler & 
Durso, 1950). Its behaviour was found to be identical with 
that of the reference substance in all the experiments. 

Disaccharides differing from sucrose in the aldosidic moiety. 
These substances are conveniently designated as sucroses 
with a prefix indicative of the nature of the aldosidic moiety. 
Thus «-p-xylopyranosy] £-p-fructofuranoside is designated 
as ‘xylsucrose’, and «-pD-galactopyranosyl £-p-fructo- 
furanoside as ‘ galsucrose’. Two disaccharides in this class— 
xylsucrose and galsucrose—were synthesized by the cell-free 
extract of A. levanicum acting on raffinose in the presence of 
the appropriate aldose as acceptor (Hestrin et al. 1955). The 
xylsucrose was isolated and characterized as described by 
Avigad, Feingold & Hestrin (1956). The galsucrose was a 
crystalline preparation whose isolation and properties will 
be described in a future communication. 
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Fructosylglucoses. 6-B-Fructosylglucose [6-O-8-p-fructo- 
furanosyl-p-glucose (Bell & Edelman, 1954); spot I of 
sucrose—yeast-invertase oligosaccharide series (Bacon & 
Edelman, 1950)] was separated from the sucrose—yeast- 
invertase reaction mixture by elution from a carbon-Celite 
column and purified by band paper chromatography. The 
isomers 2-8-fructosylglucose and 3-f-fructosylglucose (2- 
and 3-8-p-fructofuranosyl-p-glucoses) were isolated from a 
levansucrase—sucrose reaction mixture (Feingold e¢ al. 1956). 

Other oligosaccharides. Stachyose and planteose were 
kindly given by Dr D. French. Melezitose and raffinose were 
commercial preparations. 

Methyl ethers of fructose. Pure specimens of 3:4-di-, 
1:3:4-tri- and 1:3:4:6-tetra-O-methyl-p-fructoses were 
kindly provided by Dr D. J. Bell. 


EXPERIMENTAL AND RESULTS 


Enzyme activity 

Levansucrase of the soluble phase of an autolysate 
of A. levanicum was used as enzyme in an earlier 
investigation. The failure of this fraction to carry 
levan synthesis beyond a threshold concentration 
complicated the interpretation of the early experi- 
ments (Avineri-Shapiro & Hestrin, 1945). This 
effect was not observed in the present investigation 
in which the whole extract of the bacteria was used 
as enzyme. On 10% (w/v) sucrose, concentrations 
of levan as high as 2% were obtained. At 1% 
sucrose, complete disappearance of substrate was 
observed. 

The activity of whole extract (reaction time 1 hr.) 
rated 15-30 mg. of levan/hr./mg. of protein N. 


Infrared absorption spectrum of 
enzyme-synthesized levan 


Infrared absorption curves, kindly obtained for 
us by Professor D. Ginzburg, Chemistry Depart- 
ment, Israel Institute of Technology, are presented 
in Fig. 1. The absorption curves of culture levan, of 
cell-free enzyme-synthesized levan of A. levanicum 
and of the levan reported by Barker & Stephens 
(1954) were all practically interchangeable. The 
absorption curve of inulin, on the other hand, 
differed from that of the levans. 


Methylation analysis of enzyme-synthesized levan 


Levan was methylated exhaustively by the 
methods of Bell & Palmer (1952) as follows. Levan 
(1 g.) was treated three times with dimethyl sul- 
phate in the presence of 30 % (w/v) aqueous NaOH 
in presence of dioxan. The purified product con- 
tained 44-5 % methoxyl. (Calc. for trimethy] levan: 
45-6 %.) The yield of dioxan-soluble material was 
0-46 g. (38 % of the theoretical), having [«], = — 59° 
in CHCl, ([«], of trimethyl culture-levan = — 61°). 

Trimethyl levan was hydrolysed as by Arni & 
Percival (1951). The hydrolysate was applied to 
filter paper (Whatman no. 2) and resolved. The 
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solvent system (Hirst & Jones, 1949) consisted of 


n-butanol-ethanol—water (5:1:4, by vol.). The 
paper-chromatogram components were treated by 
the urea—phosphoric acid spray (Wise, Dimler, 
Davis & Rist, 1955). Failure to find monomethyl- 
fructose confirmed that methylation had proceeded 
to completion. Three components were found: their 
mobilities corresponded respectively to those of 
authentic 1:3:4:6-tetra-, 1:3:4-tri- and 3:4-di-0O- 
methyl-p-fructose (mobilities relative to 2:3:4:6- 
tetra-O-methyl-p-glucose: 1-01, 0-84 and 0-66). 
Mobilities in butanone—water azeotrope conformed 
to the same reference compounds. The trimethyl- | 


fructose failed to reduce aklaline triphenyltetra- 
zolium chloride and hence must have been largely 
free from 3:4:6-trimethylfructose (cf. Bell & 
Dedonder, 1954). Since the tetramethyl fructose 
gave a grey-blue rather than ochre colour reaction 
with the urea—hydrechlorie acid spray, it could not 


be 1:3:4:5-tetra-O-methylfructose (cf. Bell & 
Northcote, 1954). 
The relative amounts of di-, tri- and tetra- 


methylfructose in the hydrolysate of the trimethyl 
levan were estimated by matching the intensity of 
chromatogram spots against spots formed from 


Absorption (0-100%) 


900 ~=©850 800 750 700 


Wave number (cm.—') 


1000 950 


Fig. 1. Infrared absorption spectra of fructosans. Spectra 
were obtained with a Perkin-Elmer Model 21 infrared 
spectrophotometer by the Nujol-mull technique with a 
sodium chloride prism. Polysaccharides were dried by 
lyophilization. A, A. levanicum culture levan; B, enzyme- 
synthesized levan; C, inulin (Difco). 
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known amounts of the reference substances. The 
amounts of the di- and tetra-derivatives present 
seemed to be roughly equal, whereas the tri- 
derivative appeared to be 6 to 12 times as abundant 
as the di- or tetra-derivative. 

The results of methylation analysis thus accord 
with the conclusion that levan synthesized in vitro 
has a branched structure which closely resembles 
Bacillus subtilis and Pseudomonas prunicola culture 
levans (Bell & Dedonder, 1954) and the culture 
levan of A. levanicum (Feingold, 1955). The main 
interfructosidic linkage must be 2:6-; the main or 
only branch linkage is 2:1-; the basal chain length 
is probably about 9, as in the culture levans. The 
failure to find 3:4:6-tri-O-methylfructose among the 
products of the hydrolysis of trimethyl levan 
suggests that the 2:1-linkage is limited to branch 
points. 


Substrates serving as fructosyl donors 
with levansucrase 


In an extensive substrate series (Table 1), donor 
activity (ability to form levan) was manifested only 
by compounds of type fr~R, namely sucrose, 
xylsucrose, galsucrose, raffinose, 6°-8-fructosyl- 
sucrose and stachyose (R equals respectively 
glucose, galactose, xylose, melibiose, 6-8-fructosyl- 
glucose and manninotriose). Formation of levan 
was accompanied in every instance by an appear- 
ance of free fructose and by release of a single aldose 
(Fig. 2). 

Whereas sucrose afforded glucose as aldose 
product, xylsucrose afforded xylose, galsucrose 
afforded galactose, raffinose afforded melibiose, and 
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stachyose afforded an aldose, presumably mannino- 
triose (6-x-galactobiosylglucose); 6°-8-fructosyl- 
sucrose afforded an aldobiose with the paper 
mobility and spray reaction of spot I of the sucrose— 
invertase series. The structure of (I) has been 
established by Bell & Edelman (1954) as 6-f- 
fructosylglucose (6-O-8-p-fructofuranosyl-p-glu- 
cose). Therefore A. levanicum extract must have 
acted directly on both raffinose and 6°-8-fructo- 
sylsucrose, i.e. without prior hydrolysis of tri- 
saccharide to an aldohexose and sucrose. Pazur 
(1952) has previously described the transfer of 
fructosyl from sucrose to trisaccharide (raffinose) by 
the action of a mould invertase. Finally it is also 
evident that stachyose was split by levansucrase 
specifically at the fructosidic linkage only. 

No compound of type fr<R or R<fr~gl was 
utilized as donor by the levansucrase. In particular, 
the replacement of fr~ in sucrose by fr, ~ (chain of 
n anhydrofructose units mutually linked 2:1- as in 
1¥-8-fructosylsucrose and inulin, or 2:6- as in 
6"-8-fructosylsucrose) rendered sucrose inert as a 
donor. Compounds of the type fr, ~ gl transferred 
neither the whole of their fr, ~ chain nor any part 
of it to a detectable extent. Their failure to afford 
levan was accompanied by failure to afford free 
fructose and by the absence of chain disproportion- 
ation (see also the next section on reactivity of 
fr~R and fr<R with glucose). Fr< was equally 
inert as a donor in linkage to a secondary alcohol 
group (e.g. in 2- and 3-8-fructosylglucoses) as when 
in linkage to a primary alcohol group (e.g. in 
1". and 6*-8-fructosylsucrose and 6-8-fructosyl- 
glucose). 


Table 1. List of fructose compounds tested 


fr~ designates the B-fructofuranosy] group (fr) linked to carbony] of aldose, e.g. as in sucrose (fr~ gl), and fr < designates 


its linkage to a saccharide carbinol or water. 


fr~k 


disaccharides: sucrose (fr~ gl); xylsucrose (fr~ xylose); galsucrose (fr ~ galactose). 
trisaccharides: 6¢-x-galactosylsucrose (raffinose) ; 6°-8-fructosylsucrose (neokestose). 


tetrasaccharides: 6¢-«-galactobiosylsucrose (stachyose). 


R<fr~ gl 


trisaccharides: 3¥-«-glucosylsucrose (melezitose) ; 6¥-x-galactosylsucrose (planteose). 


fr<R (including fr,~gl) 
monosaccharides: fructose; methyl £-fructofuranoside. 


disaccharides: 6-8-fructosylglucose* ; 2-8-fructosylglucose* ; 3-B-fructosylglucose* ; 6-8-fructosylfructose* (levanbiose) ; 


1-8-fructosylfructose*f (inulobiose). 


trisaccharides: 6-8-levanbiosylfructose (levantriose); 1-f-inulobiosylfructosef (inulotriose); 1*-8-fructosylsucrose* 


(1-kestose) ; 6¥-8-fructosylsucrose* (6-kestose). 


tetrasaccharides: 6-B-levantriosylfructose (levantetraose) ; fructosyl-1¥-8-fructosylsucrose* (fr; ~ gl = oligosaccharide a). 

higher saccharides: reducing oligolevan series, DP 4-8, 6-9, 8-12, 9-15; difructosyl-1¥-B-fructosylsucrose* (fr,~ gl = 
oligosaccharide h); trifructosyl-1¥-8-fructosylsucrose* (fr,~gl=oligosaccharide c); inulin (fr,~gl, n=about 35); 
levulans (preparations A and B); culture levan (DP~ 300 000). 


* This compound occurs in a levansucrase-sucrose system (Feingold et al. 1956). 
+ The crude preparation showed some donor activity which disappeared after purification and was traced to contamina- 
tion of the sample by sucrose present in the partial hydrolysate of inulin. 


> 
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Fig. 
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(a) i) 


2. Products formed by action of A. levanicum whole extract on donors. The substrate 1-2% at pH 5-4 (dilute 
Mcllvaine buffer) with whole extract in dilution 1:3 under toluene at 37° for 4 hr.; 25,1. of reaction mixture was 
spotted on filter papers (Whatman no. 1) which were developed with (a) n-butanol-acetic acid—water (4:1:5, by vol.) 
for 60 hr., and (b) n-propanol-ethyl acetate—water (7:1:2, by vol.) for 20 hr. Urea—phosphoric acid spray (specific 
ketose reagent) was applied in the region of the paper-chromatogram start lines. In the remaining areas of the 
chromatograms, benzidine-trichloroacetic acid was employed in (a); in (6) the spots are a composite of the patterns 
separately afforded by spraying with urea—phosphoric acid reagent and aniline oxalate reagent. Chromatogram 





components are listed in order of increasing mobility. 


(a): 1. Reference sugars: levan, 6°-f-fructosylsucrose, 6-8-fructosylglucose, sucrose, glucose, fructose. 2. 6%-B- 
fructosylsucrose system: levan, tetrasaccharide (?1"-8-fructosyl-6°-f-fructosylsucrose), 6°-f-fructosylsucrose, 
6-8-fructosylglucose, fructose. %. Sucrose system: levan, oligosaccharide a (fructosyl-1*-f-fructosylsucrose), 
oligosaccharide n (1*-8-fructosylsucrose), sucrose, glucose, fructose. 4. 6°-«-Galactosylsucrose (raffinose) system: 
levan, tetrasaccharide (?1*-f-fructosylraftinose), raffinose, melibiose, fructose. 5. Reference sugars: raftinose, 


melibiose, sucrose, glucose, fructose. 


(b): 6. Reference sugars: levan, stachyose, sucrose, glucose, fructose. 7. Sucrose system: levan, oligosaccharides 
a and n, sucrose, glucose, fructose. 8. 6%-«-Galactobiosylsucrose (stachyose) system: levan, pentasaccharide 
(71*-f-fructosylstachyose), stachyose, manninotriose (6-c-galactobiosylglucose), fructose. 9. Xylsucrose system: 
levan, pentasaccharide (?trifructosyl-xylsucrose), tetrasaccharide (?difructosyl-xylsucrose), trisaccharide (71*-f- 
fructosyl-xylsucrose), xylsucrose, fructose, xylose. 10. Reference sugars: xylsucrose, xylose. 
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Levansucrase is thus specific for fr~R com- 
pounds. For such compounds this enzyme is an 
even more sensitive reagent than is diazouracil 
(Raybin, 1933). Further, such sucrose analogues as 
sorbosylglucoside and ketoxylosylglucoside are 
Raybin-positive (Hassid, Doudoroff & Barker, 
1947), yet might not be expected to give a positive 
reaction (polyketoside formation) with levan- 
sucrase. By the use of a capillary tube as reaction 
vessel and levansucrase as reagent, the positive 
identification of sucrose in a minute sample (15 yg.) 
of material was found feasible. 


Acceptor function of fr~R compounds 


Chromatographically non-mobile polymer fraction. 
This fraction, as formed in standard reaction 
mixture from sucrose, was removed from solution 
completely by centrifuging at 40 000 g for 30 min. 
This finding indicates that this material must be 
free from chains with DP below about 10%. Even if 
sucrose had indeed served as initial acceptor in the 
series of the reactions that culminate in the forma- 
tion of a macropolymeric product, the presence of 
alone glucose residue in a product of high DP would 
not be expected to be demonstrable by any ordinary 
analytical technique. A search for aldose in 
chromatograms of hydrolysates of cell-free enzyme- 
synthesized levan has failed in fact to produce any 
sign that there is glucose or any other aldose in this 
material. 


Chromatographically polymer fraction 


mobile 


formed by levansucrase from fr ~ R. This fraction in 


the case of the sucrose digest has been shown to be 
a mixture of ten substances whose DP values range 
from 2 to not more than 6, and which contain not 
more than one glucose residue in a chain (Feingold 
et al. 1956). 

It was expected that when levan was formed from 
sucrose analogues (xylsucrose, galsucrose, raffinose, 
6°-8-fructosylsucrose, stachyose) analogous net 
formation of oligosaccharides would also occur. 
This expectation was confirmed (Fig. 2). It was 
noted, however, that the amount of oligosaccharide 
formed from raffinose and 6°-8-fructosylsucrose 
was less than that in the corresponding sucrose and 
xylsucrose digests. The mobility on paper of the 
major oligosaccharide formed from trisaccharide, 
ie. oligosaccharide formed from raffinose and 
oligosaccharide formed from 6°-f-fructosylsucrose, 
was consistent with a tetrasaccharide structure. 
Xylsucrose and galsucrose, like sucrose, afforded 
visible amounts of a polymeric series of non- 
reducing fructosides. These contained xylose as well 
as fructose. Components up to DP 5 were dis- 
cernible. 

If the products formed had been of structural 
type fr~ R> fr, they would have been degraded by 
levansucrase. Thus it can be inferred that oligo- 
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saccharides obtained from xylsucrose, galsucrose, 
raffinose, 6°-8-fructosylsucrose and stachyose are 
the levansucrase-resistant form, i.e. the structural 
type represented by fr<fr~R (R is xylosyl when 
xylsucrose is the acceptor, galactosyl when gal- 
sucrose is the acceptor, melibiosyl when raffinose is 
the acceptor, 6-f8-fructosylglucosyl when 6°-£- 
fructosylsucrose is the acceptor, and mannino- 
triosyl when stachyose is the acceptor). 

The product fr, ~ gl formed by levansucrase from 
sucrose has been shown to be predominantly the 
1-8-fructosylsucrose (Feingold e¢ al. 1956). By 
analogy it can be inferred that the interfructosidic 
linkage in fr,~ aldosides formed respectively from 
xylsucrose, galsucrose, raffinose, 6°-8-fructosyl- 
sucrose and stachyose is probably likewise pre- 
dominantly 2:1. 


Influence of growth in the presence of glucose 
on oligosaccharide production 


Enzyme prepared from glucose-grown cells was 
only slightly less active in production of oligo- 
saccharides, levan and fructose from sucrose than 
enzyme from sucrose-grown cells. It has therefore 
been concluded that the fructosyl transfers in A. 
levanicum are all mediated by a constitutive enzyme 
system. 


Relative amounts of products formed from sucrose 


It is apparent from equation (4) that the molar 
total of aldose released in levansucrase action is 
m+n+v(q—1), where m represents moles of 
fructosyl transferred to water, n transfer to levan 
and v(q¢— 1) transfer to fr~ R. Even if one enzyme is 
concerned with the several transfer kinds, the 
relative values of m, n and v(q— 1) can be expected 
to vary in different experiments according to the 
manner in which reaction conditions selectively 
influence the competitive power of the different 
acceptors. 

To compute m, n and v(qg—1) for levansucrase 
acting on sucrose, three easily-obtained analytical 
data sufficed (in hexose equivalents) : total reducing 
sugar, total free aldose and levan. Total free aldose 
as glucose [m+n+v(q—1)] is obtained from the 
reducing power towards iodine. Since the participa- 
tion of oligosaccharides in total reducing power is 
negligible, the free fructose (m) is obtained from the 
difference of reducing power towards copper and 
iodine. The part of glucose (n) released by levan 
formation is equal to the amount of fructose pre- 
cipitated as fructosan (levan) by ethanol. The molar 
equivalent of fructose transferred to fr ~ R, v(q—1), 
may then be calculated as the difference between 
total free glucose and the sum of glucose released by 
transfer to water and levan. 

Proportions of n, m and v(q—1) observed at two 
widely different concentrations of sucrose are 
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illustrated in Table 2. At 0-17M sucrose and 54m 
water, fructosyl transfer to water accounted for 
40% of the total transfer (Expt. a); on the other 
hand, at 1-5m sucrose and 39m water, transfer to 
water accounted for only 9% of total transfer 
(Expt. 6). In the first case, the 1*-8-fructosyl- 
sucrose formed weighed about 30% as much as 
levan, whereas in the second case the yield of 
1*-8-fructosylsucrose by weight was more than 
twice that of levan formed. 

In Expt. 6 of Table 2 the absolute amounts of 
oligosaccharides accumulated were large, and the 
quantitative recovery of the oligosaccharides as 
pure fractions after resolution by band-paper 
chromatography was feasible. The sum of the 
weights of 1*-8-fructosylsucrose and fructosyl-1"- 
B-fructosylsucrose recovered was found to be in 
agreement with the value which could be deduced 
from calculated v(q—1). The good agreement of 
recovery of oligosaccharides and the calculated 
amount served as a confirmation of the reliability of 
the analytical procedure outlined above. On a 
molar basis, 95 % of the total oligose formed in this 
experiment was 1"-8-fructosylsucrose and 4% was 
fructosyl-1"-f-fructosylsucrose. All other oligo- 
saccharide products therefore can have represented 
only 1% of the total oligosaccharides formed. 

Information about the relative molar acceptor 
activity of sucrose and products arising from it can 
be deduced from knowledge of the quantitative 
composition of the levansucrase—sucrose reaction 
mixture. A set of calculated values for relative 
acceptor activity (product formed/acceptor present) 
of major constituents of the system is presented in 
Table 3. The important features are the relatively 
low order of the activity of water and sucrose 
glucocarbinols as compared with C-1 of the sucrose 
fructocarbinols, the excellence of 1*-8-fructosyl- 
sucrose over sucrose and the extremely high activity 
that has to be ascribed to an ‘average’ terminal 
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group of levan. It is assumed here, but has not been 
proved, that all the reactions considered are 
mediated by the same enzyme entity. 


Reactivity of fr~ R and fr< R with glucose 

Glucose, like many other aldoses, is a powerful 
inhibitor of levan synthesis (Hestrin & Avineri- | 
Shapiro, 1944). It seemed of interest to learn 
whether fructosyl transfer to glucose-carbinol sites 
could account for the inhibitory activity of glucose, 
as in the glucose inhibition of sucrose hydrolysis by | 
yeast and mould fructosidases (Bealing, 1953; 
Edelman, 1954). The amount of fructosy] transferred 
to carbinol sites of glucose was found to be far too 
small to account for the marked inhibitory effect on 
levan formation. On the other hand, a rapid uptake 
of the fructosyl group of fr~enz by the carbonyl 
site of glucose probably accounts largely for the in- 
hibitory effect of glucose on levan production 
(Hestrin et al. 1955). } 

Doudoroff & O’Neal (1945) suggested that 
terminal fr<groups in levan chains can be trans- 
ferred to glucose carbonyl by levansucrase at a 
measurable rate provided that the sucrose thus 
formed is removed continuously by hydrolysis. 

To examine the reversibility of fructosy] transfer 
by A. levanicum levansucrase, the di-, tri-, tetra- and 
higher saccharides of structure class fr< R as listed 
in Table 1 were incubated in 1 % (w/v) concentra- 
tion with 2% (w/v) glucose in the presence of 
levansucrase at 37°, pH 5-4, for 4hr. Under the 
conditions of this experiment, the enzyme concen- 
tration used was sufficient to cause apparently 
complete cleavage of a 2% sucrose solution. In 
control runs, similar reaction mixtures were incu- 
bated in the absence of glucose. The occurrence of } 
reaction was examined by spotting on paper 
oligosaccharides containing 0-3 mg. of carbohydrate. | 
The chromatograms were developed with solvent 
systems (Feingold et al. 1956) that were appropriate 


Relative proportions of fructose, oligosaccharide and macropolymeric levan 


in levansucrase—sucrose system 


The procedure and method of computation are presented in the text. (a) Sucrose 6% (w/v), reaction time 1 hr., 
standard enzyme preparation; (b) sucrose 50% (w/v), reaction time 15 hr., enzyme solution prepared from cells grown on 


12% (w/v) sucrose in nutrient broth. 


Glucose formation 











Reaction (umoles/ml.) 
c = te \ cc eh 
Type Designation* Expt. a ixpt. b 
Total transfer n+m+v(q-1) 29-5 26-7 
Levan synthesis n 15-4 13-9 
Sucrose hydrolysis m 12-5 2:3 
Oligosaccharide synthesis v(q -1) 1-6 10-57 


* For explanation of symbols, see text. 


+ Contributions to the total glucose from the transfers of fructosyl leading to accumulations of 1¥-f-fructosylsucrose 
and fructosyl-1*-8-fructosylsucrose were found to be 9-9 and 0-5 pmol. respectively. The amounts of 1¥-8-fructosylsucrose 
and fructosyl-1¥-8-fructosylsucrose were determined by weight following the chromatographic resolution and total 


recovery of the purified components. 
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to the detection of unit changes in DP in the original 
fr<R compound. No case was found in which 
incubation of the fr< R compound, with or without 
glucose, in the presence of enzyme resulted in the 
appearance chromatographically of macropoly- 
meric levan, sucrose, and/or any oligosaccharide 
other than the fr < R introduced, or in the liberation 
of more than a trace of fructose. Had more than 
5% (5 ug. of fructose on the paper chromatogram) 
of the tested fr< R compound entered into reaction, 
the would have revealed such 
reaction: 

Like the oligosaccharides, levan macropolymer at 
land 3 % concentrations failed to react with glucose 
to afford detectable amounts of sucrose or fructose. 

In view of these results, it is concluded that 
fr< R compounds were not utilized by levansucrase 
as donors to a measurable extent. For the case of all 
fr,<R which have been shown 


chromatogram 


compounds 
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(Feingold et al. 1956) to be synthesized by levan- 
sucrase, the findings accord with the assumptions 
that the position of equilibrium in the reaction: 

(4a) 


is far to the left, or that the velocity of reaction in 
the direction to the right was negligibly slow in the 
conditions used, or both. 

For fructosylglucose isomers, in particular, inter- 
conversion of some of these isomers and formation of 
one of these isomers from others, specifically the 
formation of 6-8-fructosylglucose from 2- and 3-f- 
fructosylglucoses (cf. Feingold et al. 1956), should 
have been found if the establishment of equilibrium 
in glucose exchanges of the general type: 


fr, <R-+(n) glucose = (n) fr ~ glucose + R 


fr < glucose* + glucose = glucose* + fr < glucose 
(4b) 
had been significantly accelerated by this levan- 
sucrase system. 


Table 3. Acceptor activities (molar basis) of components of sucrose—levansucrase reaction system 


Expts. a and b (Table 2). All values are in pmoles/ml. 


Computations of average [acceptor]: 


[C-1 fructocarbinol in sucrose] = initial [sucrose], it being assumed that the latter approximates to the average[sucrose]; 

[water] is calculated from [sucrose] with the aid of standard tables; 

[reactive carbinols in fructose] =[sum of C-1 and C-6 carbinols in final free fructose], this value being then multiplied 
by 0-5 to obtain average for time of the experiment =[final fructose] x 2 x 0-5; 

[reactive glucocarbinols] =[sum of C-2, C-3 and C-6 glucocarbinols] = initial [sucrose] x 3; 


[1*-8-fructosylsucrose] 
{levan terminal groups] 


final [1-B-fructosylsucrose] averaged over the time of the experiment by multiplying by 0-5; 
{anhydrofructose residues in levan] x degree of branching, the value thus obtained then 


being averaged over the time of the experiment by multiplying by 0-5=[anhydrofructose residues in levan] 
«0-1 x 0-5. Note that this computation does not take account of the possible occurrence of a chain-terminating 


reaction step. 


Computations of total of fructosyl accepted: 


Net formation of a product is taken as the measure of the total transfer of fructosyl to the designated acceptor, since the 
product accumulated is not hydrolysed or disproportionated and the maximum molar rate of incorporation of product into 
levan cannot exceed the very low molar rate of formation of levan (~5 x 10-5 umole/ml.).* 

Concentrations of 1¥-8-fructosylsucrose, fructosyl-1¥-8-fructosylsucrose, free fructose and levan formed are from data in 


Table 2. 


Amount of total transfer to glucocarbinols in sucrose is taken as being given by the amount of fructosylglucoses (2-, 3- 
and 6-8-fructosylglucoses) accumulated (cf. Feingold et al. 1956). The values for fructosylglucoses and that for difructoses 
(levanbiose and inulobiose) are both rough total values estimated by inspection of a chromatogram of a concentrate of the 
reaction mixture after it had been freed from levan and monosaccharides. 


Acceptor activity 
manifested/mole 
(y/x, relative 








Average to sucrose = 1) 
Transfer [acceptor] — A — 
Acceptor Product Expt. (y) (x) Expt. a Expt. b 
C-1 fructocarbinol in sucrose 1F.8-Fructosylsucrose b 10 15 x 10? — 1 
a 1-6 1-7 x 10? 1 — 
Water Fructose b 2 4x 104 — 0-01 
a 12 5-5 x 104 0-02 — 
C-1 and C-6 carbinol in fructose Difructoses a ~0-01 12 ~0-1 — 
)-2, C-3 and C-6 glucocarbinol B-Fructosylglucoses a ~0-05 5 x 10? ~0-01 - 
1¥. 8-Fructosylsucrose Fructosyl-1¥-8-fructosylsucrose b 0-5 5 — 14 
Levan terminal Levan b 14 0-7 — 3 x 108 
a 15 0-8 2 x 108 —- 


* The molar rate of formation of levan is calculated on the basis of DP ~3 x 10°. This value has been arrived at by 
measurements of diffusion and sedimentation velocities which will be presented in detail elsewhere. 
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DISCUSSION 


Since the levan polymer is highly branched, its 
observed failure to react appreciably with glucose in 
the presence of levansucrase cannot be ascribed to 
insufficiency in the molar concentration of levan 
terminal groups. The available evidence suggests, 
further, that the absence of reaction with glucose 
need not be a consequence of the possible presence of 
a structural anomaly at the chain ends of native 
levan. Thus oligolevans (derived from native levan 
by partial acid hydrolysis) were readily hydrolysed 
by yeast invertase, yet like native levan they failed 
to react with glucose at an appreciable rate in the 
presence of levansucrase. 

The free-energy change (— AF’) during the hydro- 
lysis of sucrose has been estimated to be at least 
6 keal. (ef. Burton & Krebs, 1953). The —AF’ of 
hydrolysis of the maltose and isomaltose linkages of 
starch are thought to be 1-3 keal. (ef. Kalekar, 
1954; Hehre, 1951). If —AF’ for the hydrolysis of 
polyfructoses and polyglucoses are taken to be 
similar, there is obtained for — AF’ of transfer of 
fructosyl from glucocarbonyl in sucrose to fructo- 
carbinol in a saccharide a value not less than 3 keal. 
Reversal of the usual direction of transfer by adding 
glucose to a levansucrase—levan system might thus 
indeed be too small to have been detected. 

Throughout an extensive series of representative 
fructo-oligosaccharides tested, those forming levan 
on incubation with levansucrase solution also 
formed free fructose and oligosaccharide of low DP, 
whereas compounds that did not form levan likewise 
formed little or no free fructose or oligosaccharide. 
Further, acceptor competition for fructosyl occurred 
between water and fr~R. It therefore appears 


R”.CHO 


enz 


fr~O.CHR”.OH 
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probable that an identical intermediate, presumably 
fr ~enz, is involved in the transfers of fructosyl to 
levan, water and donor. 

A scheme of the transfer reactions that can be 
ascribed to the A. levanicum levansucrase system is 
presented in Fig. 3. 

The nature of the primer P (eqn. 4) which initiates 
the growth of levan chains is still uncertain. If 
levan synthesis occurs by transfer of fructosyl to 
sucrose as initial acceptor, an F-8-fructosylsucrose 
compound must be the primary intermediate. On 
the other hand, it is also conceivable that the 
primary step in chain formation is the reversible 
transfer of the fructosyl group from sucrose to 
enzyme, and that subsequent growth of the levan 
chain occurs by further transfers of fructosy] to the 
formed fr ~enz compound. In order to evaluate the 
possible roles of 1°- and 6"-8-fructosylsucroses and 
of the hypothetical fr~enz compound as inter- 
mediates in levan synthesis, further knowledge of 
their relative acceptor activities is required. 
Evidence has also been obtained by us (unpublished 
work) that partly hydrolysed levans can serve in 
levan synthesis as fructosyl acceptors. If fr ~ enz is 
a primary acceptor, an effect of enzyme concentra- 
tion on the DP of the polymer formed could be 
expected. This question, and the effects of chain 
length and linkage type on the acceptor activity of 
fructosans, are being investigated and _ will be 
reported separately in a later communication. 

Since the enzyme effected no evident transfer of 
either single fructosyl or of chains of fructosyl 
within levans, inulins and rF-f-fructosylsucroses 
from one carbinol site to another, the levansucrase 
solution is probably free from any chain-trans- 
ferring mechanism which can operate at carbinol 


R’.CHO 


fr~O.CHR’.OH 





v 


fr~enz 





Fructose 


—enz 





Levan 


Fig. 3. 


fructofuranosyl (fr) to carbonyl of aldose (R.CHO) and to enzyme (enz); < 


Scheme of transfer reactions catalysed by A. levanicum levansucrase solution. ~ 


Designates linkage of 
designates linkage of fructofuranosyl 


to carbinol of aleohol (R.OH); R.CHO can be aldohexose (e.g. glucose), aldobiose (e.g. melibiose), aldopentose 
(e.g. xylose); R.OH can be sugar (e.g. sucrose) or alkyl alcohol (e.g. ethanol). 
sugar alcohols will be described separately. 


Interactions of fr~enz with non- 
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level, i.e. from mechanism with an action pattern 
analogous to that of plant Q-enzyme (Barker & 
Bourne, 1953) or animal branching factor (Larner, 
1953). Instead, the branching step in levan growth 
may consist in the transfer of fructosyl from 
fr~enz to a C-1 carbinol site of a growing levan 
chain. The isolation of 1*-8-fructosylsucrose from 
the reaction system has shown directly that transfer 
of the single fructosyl group to the C-1 site of 
fructosyl in an acceptor is one of the activities 
manifested by a levansucrase preparation. 
Since.the primary carbinol of terminal fructosyl 
both in a range of tested donors (sucrose, raffinose, 
6°-8-fructosylsucrose) and in a number of non- 
donor compounds (Feingold et al. 1956; unpublished 
experiments) served with levansucrase as acceptor 
of fructosyl, it seems reasonable to suppose that 
fr~enz itself could also function as acceptor and 
donor. A reaction series generating a protein- 
headed levan (fr, ~enz) could then occur (eqns. 5 
and 6), concomitantly with the reaction series 
generating R-headed polymer (eqns. 7 and 8): 


fr~enz+fr~enz — fr,~enz+enz, (5) 
fr~enz+fr,_, ~enz — fr, ~enz+enz, (6) 
fr~enz+fr~R —> fr,~R-+enz, (7) 
fr~enz+fr,_,~R > fr, ~ R+enz. (8) 


The question arises whether the elongation and 
branching of levan chains represent an unrestricted 
type of polycondensation reaction, i.e. involve 
transfer of more than one fructosy] residue at a time. 
Levansucrase failed to transfer the fr,~ group of 


fr,~R compounds (»>1) to acceptors; this 
suggests that transfer in the manner: 
fr,, ~ enz+ frz,~enz > ffpy+ng~enz+enz (9) 


likewise probably does not occur. This is in accord 
with the view formulated by Hehre (1951) that the 
enzymic synthesis of polysaccharides from sucrose, 
as from glucose 1-phosphate, is a restricted poly- 
condensation process. 
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Note on the classification of fructosylases 


The donor-acceptor specificity of levansucrase is 
of interest in the context of a current discussion on 
the classification of fructosylases (Bacon, 19545). 
Some pertinent findings are summarized in Table 4. 
The relations shown can be accommodated in a 
sequence varying with the enzyme source. The 
reactions are: 


for yeast invertase: 
(a) fr~R+enz > ir<enz+R, 
(b) fr<enz+carbinol= fr <carbinol + enz, 
(c) fr<enz+ water — fructose + enz, 


for levansucrase: 
(a) fr~R+enz = fr~enz+R, 
(6) fr~enz+carbinol — fr<carbinol + enz, 
(c) fr~enz+ water — fructose + enz, 


for mould invertase: 
(a) fr~R+enz= fr~enz+R, 
(6b) fr~enz+carbinol > fr<carbinol + enz, 
(c) fr<carbinol + enz = fr <enz + carbinol, 
(d) fr<enz+ water > fructose + enz, 


and possibly : 
(e) fr~enz+ water — fructose + enz. 


The scheme suggests that whereas the transfer of 
fructosyl from sucrose to yeast invertase proceeds 
practically irreversibly, i.e. with relatively large 
— AF’ (probably about 3 keal.), the corresponding 
transfer either to mould invertase or levansucrase 
proceeds reversibly with little free-energy change 
(— AF’ approx. zero). Mould invertase is shown as 
resembling levansucrase in the capacity to react 
reversibly with fr~R, and as resembling yeast 
invertase in the ability to hydrolyse products of 
structure fr<R. This poses the question whether 
mould invertase is a single fructosidase or a mixture. 
The assumption that the mould preparation may 
contain distinct sucrases—one predominantly a 
hydrolase, the other predominantly a transfructo- 





Table 4. Types of transfructosylations catalysed by different fructosylases 


+, Designates demonstrated transfer; —, designates that reaction was investigated and found not to be detectable. 


Transfructosylation* types 











" From fr~ R to oxygen in From fr<R to oxygen in 
C-lof - C-1 of 
Fructosylase Water R.OH aldose Water R.OH aldose 
Yeast invertase + + -T + +§ -T 
Mould invertase + + +T +f + II -T 
-t 
A. levanicum levansucrase{, + + - - - 


* Bacon (1954D). 
§ Whelan & Jones (1953). 


|| Pazur (1953). 


+ Edelman (1954). 


t Bealing (1953). 
4; Data from present paper. 
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sylase—has been supported by Kurasawa, Saito, 
Honma & Yamamoto (1955). 

Bealing & Bacon (1953) have suggested that 
the singular ability of levansucrase to form a 
macropolymeric product may depend on a high 
affinity of levansucrase for large acceptor mole- 
cules. A contributing factor in the synthesis of 
macropolymer by levansucrase may be that levan- 
sucrase, in contrast to mould and yeast invertase, 
lacks the ability to hydrolyse the anhydrofructose 
chains which it forms. 


SUMMARY 


1. An improved procedure for the extraction of 
Aerobacter levanicum levansucrase and a micro test 
for levansucrase activity are described. 

2. Levan. produced from sucrose by cell-free 
levansucrase solution was methylated. Examina- 
tion by paper chromatography of the products of 
hydrolysis of the methylated polysaccharide indi- 
cated that it has a branched structure similar to 
that of levan from cultures of A. levanicum and 
other bacterial species. This conclusion has been 
further supported by infrared analysis. 

3. The effect of levansucrase on representatives 
of several classes of oligofructosides has been 
examined. All compounds examined with a 
terminal f£-fructofuranosidic group linked to the 
anomeric carbon of an aldose formed levan, whereas 
compounds with the same group linked to a carbinol 
carbon were not observed to be attacked by levan- 
sucrase. It is suggested that the fructosidic linkage 
in the former group, typified by sucrose, has the 
higher free-energy content. Members of this class 
are therefore described by a high-energy symbol 
fr~R, whereas compounds of the second class are 
designated fr<R. 

4. Formation of levan from compeunds of the 
type fr~R has been observed with R as follows: 
glucose, galactose, xylose, 6-a«-galactosylglucose 
(melibiose), 6-8-fructosylglucose and 6-«-galacto- 
sylmelibiose. 

5. Substitution of the fructosidic moiety of 
fr~R at position C-1, C-3 or C-6 by a glycosyl 
group led to loss of the capacity to form levan. 

6. Formation of levan from fr~R was accom- 
panied in all cases by concomitant formation of 
oligosaccharides (largely fr,<fr~R), free fructose 
and free aldose (R). 

7. Constituents of a sucrose—levansucrase re- 
action mixture differed markedly from each other in 
activity as fructosyl acceptors. The acceptor 
activities (molar basis) were: water <sucrose < 1-f- 
fructosylsucrose€ average terminal group of the 
growing levan molecule. 

8. The findings conform to the suggestion that 
the transformations catalysed by levansucrase 
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comprise a readily reversible, followed by a not 
readily reversible, step: 


fr~R+enzyme =fr~ enzyme + R, 


fr ~ enzyme + acceptor > fr< acceptor + enzyme, 


(2) 


where the acceptor can be either water or carbinol. 

9. Modes of chain elongation and branching in 
levan synthesis and a classification of fructosylases 
are discussed. 

We are grateful to Drs D. J. Bell, D. Gross and Dexter 
French for gifts of rare oligosaccharides, and to Dr M. 
Gehatia for estimations of the degree of polymerization of 
polymers. Dr W. J. Whelan has offered valuable suggestions 
about nomenclature which we are glad to acknowledge. 

This work has been aided by a grant from the Scientific 
Department, Israeli Ministry of Defence. 


Note added in proof. The recent work of Péaud- 
Lenoél & Dedonder (1955) and Péaud-Lenoél 
(1955) indicated that levansucrase of Bacillus 
subtilis forms compounds of type fr~R from a 
preparation of degraded levan in the presence of 
suitable aldohexoses (R). Further experiments 
testing the reversibility of transfructosylation cata- 
lysed by Aerobacter levanicum levansucrase were 
therefore undertaken. 

Reaction mixture containing 2 % (w/v) of glucose 
and 1% (w/v) of donor [levulan DP 38 and oligo- 
levans of DP in the range 3-12 prepared from 
A. levanicum levan] were incubated at pH 5-4 with 
levansucrase [0-28 unit as defined by Péaud-Lenoél 
& Dedonder (1955)/ml. of reaction mixture] in the 
presence of excess of dextransucrase. Portions of 
the reaction mixtures containing 0-2 mg. of donor 
were transferred at spaced time intervals up to a 
total reaction time of 54hr. to filter paper and 
examined chromatographically for fructose (sensi- 
tivity of analytical method: 3yg. of fructose). 
Under these conditions, sucrose formed could be 
expected to be acted on by dextransucrase, and a 
continuing reaction leading finally to total net 
conversion of the donor into fructose should have 
occurred. In fact, the amount of fructose formed 
was found to be very small: 3+ 1 mg. of fructose 
from 100 mg. of donor. 

In the light of the results, formulation of equi- 
librium constants of reactions catalysed by levan- 
sucrase is deferred until more complete information 
on the structure of the reactants becomes available. 
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The Mechanism of Polysaccharide Production from Sucrose 


4. ISOLATION AND PROBABLE STRUCTURES OF OLIGOSACCHARIDES FORMED 
FROM SUCROSE BY A LEVANSUCRASE SYSTEM 


By D. 
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Levan-forming systems (levansucrase) transfer the 
£-fructofuranosyl group of sucrose in an essentially 
irreversible manner to carbinol sites in suitable 
acceptors (Hestrin, Feingold & Avigad, 1956). The 
levansucrase-mediated transfructosylation can be 
either ‘polyrepetitive’, leading to macropolymer 
(levan), or ‘oligorepetitive’, resulting in formation 
of oligosaccharides. Oligorepetitive transfructo- 


sylation is a property of ordinary mould and yeast 


fructosidases as well as of levansucrase. On the 
other hand, the capacity for polyrepetitive transfer 
appears to be specific for fructosylase of the 
levansucrase type (Bealing & Bacon, 1953; for 
review see Bacon, 1954a). The factors which de- 
termine the polymerization ceiling of the oligo- 
repetitive process and the relation of concurrent 
oligorepetition and polyrepetition in a levansucrase 
system acting on sucrose are uncertain. 
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Previous investigators (Kohanyi & Dedonder, 
1951; Dedonder & Noblesse, 1953; French & Wild, 
1953) have reported the formation of a series of 
non-reducing oligofructosylglucose compounds from 
sucrose by the levan-forming cells and cell extract of 
Bacillus subtilis. On the basis of paper-chromato- 
graphic analysis these investigators drew the in- 
ferences that oligosaccharides accumulated in this 
system are short-chain levans terminated by glucose 
in sucrose configuration and that they are inter- 
mediates of levan production. Conclusive proof of 
these inferences was not offered. Oligosaccharides 
formed from sucrose need not in fact be either 
obligatory or even facultative intermediates of 
levansynthesis, but could be formed incidentally to 
the process of levan production. 

The present communication describes the isola- 
tion and tentative identification of ten oligo- 
saccharides formed from sucrose by a levan-forming 
system derived from Aerobacter levanicum. An 
abstract of this work was published previously 
(Feingold, Avigad & Hestrin, 1955). 


METHODS AND MATERIALS 


Enzymes. A solution of A. levanicum levansucrase was 
prepared by sonic disruption of cells (Hestrin et al. 1956). 
The standard sucrose—-levansucrase mixture contained 
1 vol. of levansucrase solution, 2 vol. of McIlvaine phos- 
phate-citrate buffer, pH 5-4, and 2 vol. of 15% (w/v) 
sucrose solution at 37° under toluene. 

Yeast invertase was a commercial concentrate (British 
Drug Houses Ltd.). This was used in a final dilution of 1:20, 
with an incubation time of 2 hr. at 25° and pH 4-5 (acetic 
acid). 

Notatin for glucose tests was purchased from Bios, Inc., 
New York, U.S.A. A preparation of dextransucrase was 
kindly given by Dr H. M. Tsuchiya. 

Reference substances. The methods of preparing a series of 
reducing oligolevans and oligoinulins and 6*-8-fructosyl- 
sucrose, 1¥-f-fructosylsucrose and 6°-8-fructosylsucrose 
have been mentioned by Hestrin e¢ al. (1956). A sucrose— 
yeast invertase oligosaccharide series was prepared as 
described by Bacon & Edelman (1950). Reference specimens 
of 6%-8-fructosylsucrose, 1¥-8-fructosylsucrose and 6¥-f- 
fructosylsucrose were kindly provided by Dr D. Gross. 


Analytical methods 


Descending paper-partition chromatography. This was 
performed on filter paper (Whatman nos. 1 and 2) at room 
temperature (about 30°). Solvent systems and the degree of 


Table 1. 


Solvent system 
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polymerization (DP) ranges in which they proved efficient 
are given in Table 1. 

Spray reagents. Aniline oxalate (Horrocks & Manning, 
1949) detected aldose (free and combined) in the presence of 
ketose. Urea—phosphoric acid (Wise, Dimler, Davis & Rist, 
1955) detected ketose (free and combined) in the presence 
of aldose. Alkaline triphenyltetrazolium chloride (Wallen. 
fels, 1950) and alkaline 3:5-dinitrosalicylate (Jeanes, Wise & 
Dimler, 1951) were employed to detect the presence of a free 
reducing function. Benzidine-trichloroacetic acid (Bacon 
& Edelman, 1951) served both as a general test for carbo- 
hydrate and means of differentiating between glucose and 
fructose. Whereas glucose with benzidine gave a deep-brown 
spot distinguished by a bright halo under ultraviolet light, 
fructose formed a bright-yellow spot which stood out in the 
ultraviolet as a bright area. 

Paper electrophoresis. lonophoretic mobilities were 
measured in borate buffer, pH 9-2, on filter paper (Whatman 
no. 3MM, strips 6 em. x 40 cm.) at 35v/em. and 10-20 ma. 
at 4° in the apparatus of Consden & Stanier (1952). Ketoses 
were detected on the paper in the presence of borate either 
with urea—phosphoric acid (Wise ef al. 1955) or «-naphthol- 
phosphoric acid (Albon, Bell, Blanchard, Gross & Rundell, 
1953). LIonophoretic mobilities in a high-voltage field 
(Gross, 1953) were kindly determined by Dr D. Gross. 

Modified diazouracil test. The diazouracil test, originally 
designed by Raybin (1933) for use with 40-50 mg. of sugar, 
was adapted for use with 0-5 mg. of sucrose or raffinose. 
Circular depressions (diameter 5mm., depth 5mm.) 
reamed out of a Perspex block served as reaction vessels. 
Diazouracil suspension (50pl.), prepared immediately 
beforehand by shaking about 2 mg. of dry substance with 
1 ml. of 0-1 N-NaOH, was added to 0-1 ml. of solution of test 
sugar and the mixture allowed to stand at 15-20° for 10 min. 
The colour reaction (yellow-green) was best read against an 
illuminated background. 

Detection of enzyme action. To conserve valuable substrate, 
the action of levansucrase, dextransucrase and yeast 
invertase were examined by the capillary-tube technique 
(Hestrin et al. 1956). 


Preparative methods 


Media. A. levanicum fermentations (batch sizes 1-241.) 
were conducted in liquid medium in large glass bottles at 
30° with occasional manual agitation. With sucrose as 
carbon source, both nutrient broth (pH 7-2) and a synthetic 
medium gave essentially similar results. The stock solution 
of synthetic medium was of the following composition 
(g./l.): Nag HPO, ,12H,O, 15; KH,PO,, 2-2; (NH,).SO,, 2-0; 
MgSO,,7H,0, 0-2; CaCl,, 0-01; FeSO, ,7H,O, 0-005; pH 7:2. 
Sucrose conversions by cell-free levansucrase solution (batch 
size 21.) were performed in McIlvaine citrate—phosphate 
buffer (final dilution 2:5) at pH 5-4 at 37° under toluene. 


Solvent systems employed in the development of paper chromatograms 


DP of 
Development oligolevans 
time effectively 
No. (parts by vol.) (hr.) resolved Reference 
1 n-Butanol-acetic acid—water (4:1:5) 72 2-5 Partridge (1948) 
2 n-Propanol-ethyl acetate—water (7:1: 2) 24 2-6 Baar & Bull (1953) 
3 n-Butanol-ethanol—water (10:1: 2) 120 2-5 Williams & Bevenue (1951) 
4 isoPropanol-acetic acid—water (7:1:2) 36 2-12 a 
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Clarification of crude fermentation liquors and digests. 
Cells and debris were removed by centrifuging in a 
Sharples supercentrifuge. To free from levan and to reduce 
the amount of contamination of product by nitrogenous 
constituents and salts, the effluents were brought to 66% 
(v/v) ethanol with vigorous stirring and allowed to stand 
overnight before decantation. The solutions were reduced in 
volume and finally cleared again with ethanol, and with the 
barium—zine reagent of Somogyi (1945) where necessary. 

Removal of solvents. Solutions were concentrated at pH 7 
(BaCO,) under reduced pressure at 50°. A circulating 
evaporator (Mitchell, Shildneck & Dustin, 1944) facilitated 
the handling of large volumes. Smaller volumes were re- 
duced to syrup in a Rinco rotating vacuum-type evaporator 
(marketed by Aloe Scientific Co., St Louis, U.S.A.). Syrups 
were brought to dryness by lyophilization. 

Column chromatography. The technique was essentially as 
described by Bacon (19545). To eliminate hexoses, the levan- 
free concentrates were applied to a column containing 1 kg. 
of a 1:1 (w/w) mixture of Darco G60 charcoal (Atlas 
Powder Co., New York, U.S.A.) and Celite no. 535 (Johns 
Manville Co., New York, U.S.A.) in the form of a cylinder 
(10cm. diameter x42 cm. length) which had been con- 
ditioned by washing successively with 10 1. of water, 10 1. of 
50% (v/v) ethanol, and 30 |. of water. Up to 150 g. of total 
carbonhydrate containing 20 g. of oligosaccharides could be 
applied to this column. The hexoses were washed out 
selectively with water (1-5 1./hr. with suction). The oligo- 
saccharides were eluted by 101. of 50% (v/v) ethanol, and 
the effluent was concentrated. The oligosaccharides were 
then resolved by gradient elution from a second charcoal 
column. This contained 300 g. of a 1:1 (w/w) mixture of 
activated charcoal (B.D.H.) and Celite no. 535 in the form of 
a cylinder (5-5 em. wide x 43 cm. long). The column was 
washed with water until the effluent was neutral (Bell & 
Edelman, 1954). It was then treated with 300 ml. of m 
sodium citrate, pH 7, to free from iron (Whelan, Bailey & 
Roberts, 1953), and finally rinsed with an excess of water 
(51). About 7 g. of hexose-free oligosaccharides could be 
processed at one time on this column. For gradient elution, 
40% (v/v) ethanol in an upper reservoir was allowed to flow 
into 2 |. of water in a lower reservoir which, in turn, passed to 
the column. The emergence of oligosaccharide fractions was 
followed by paper chromatography. The suitably pooled 
eluates were concentrated in vacuo and the oligosaccharides 
were then further purified by band chromatography on 
paper. 

Band chromatography. Oligosaccharide concentrates 
were applied in bands to high-capacity filter paper (What- 
man no. 3MM), about 50 mg. total oligosaccharide being 
accommodated by a sheet 224 in. x 18} in. Solvent system 
2 or 3 (Table 1) was used as irrigant. Fractions were concen- 
trated at the paper edge and eluted with water as described 
by Decker (1951). 








EXPERIMENTAL AND RESULTS 


In addition to sucrose, hexoses (fructose, glucose) 
and macropolymer (levan), nine carbohydrate 
components were demonstrated in the sucrose— 
levansucrase digest by paper chromatography 
(Fig. 1). These products have been designated 
provisionally by a code name chainwork, in which 
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Fig. 1. Paper chromatography of oligosaccharides formed 
from sucrose by levansucrase and yeast invertase. The 
carbohydrate mixture (0-3 mg.), applied at the paper 
startline, was developed with solvent 1. Benzidine— 
trichloroacetic acid was used as spray reagent. Successive 
components are listed below in the order of increasing 
mobility. 1, Reference sugars: raffinose, sucrose, glucose 
and fructose. 2, Sucrose—yeast-invertase oligosaccharide 
series (reaction mixture at 20 min.): [IV (an unknown 
tetrasaccharide), III (6¥-f-fructosylsucrose), IL (1*-f- 
fructosylsucrose and 6%-8-fructosylsucrose), I  (6-f- 
fructosylglucose), sucrose + V (? fructosylfructoses), glu- 
cose and fructose. 3, Sucrose—-levansucrase oligosac- 

charide series; a, reaction mixture at 2 hr. before removal 

of levan and hexoses: levan, fructosyl-1*-8-fructosyl- 
sucrose (a), 1¥-8-fructosylsucrose (7), sucrose, glucose and 
fructose; b, reaction mixture at 24 hr. after removal of 
both levan and hexoses and subsequent concentration: 
trifructosyl-1¥-B-fructosylsucrose (c), difructosyl-1"-- 

fructosylsucrose (h), fructosyl-1"-f-fructosylsucrose (a), 

6¥-8-fructosylsucrose (i), 1*-8-fructosylsucrose (7), 

6-f-fructosylglucose (w), sucrose, B-fructosylfructose (0), 

2-8-fructosylglucose (r), 3-B-fructosylglucose (k). 


Bioch. 1956, 64 





354 
the successive letters designate the resolved com- 
ponents in the order of increasing chromatographic 
mobility. Chromatograms of monosaccharide-free 
concentrates of fluid from A. levanicum cultures 
which had been grown several days on sucrose in 
broth or synthetic medium revealed the same set of 
oligosaccharide components, except possibly for o, 
whose presence could not be determined readily due 
to masking by sucrose. 

As judged from paper chromatograms, the 
relative abundance of oligosaccharide was 


n>a>h>ixzr2zk>wro>c. 


Only » and a were seen in a chromatogram of the 
unconcentrated reaction mixture (Hestrin, 1953; 
Hestrin et al. 1956). Measurements of the amounts 
of n and a and total oligosaccharide have been 
presented by Hestrin et al. (1956). 

The order of emergence of chainwork from the 
carbon column is indicated in Fig. 2. Since equal 
elution patterns and practically identical chromato- 
grams were afforded by the oligosaccharide mixture 
obtained from a culture of A. levanicum grown on 
sucrose and from a sucrose—cell-free levansucrase 
digest, it could be concluded that an identical set of 
products is formed from sucrose by levansucrase in 
culture as by the enzyme solution. In no case were 
oligosaccharides of DP greater than 6 detected, even 
with solvent 4. (Levan formed by levansucrase 
acting on sucrose in culture is accumulated inter- 
cellularly. Levansucrase in A. levanicum is bound to 
the cells. As levan is a substance of very high DP, it 
could not be readily diffusible across the cell 
membrane. Thus levan is probably formed in this 
species on the outer cell surface, and levansucrase is 
probably anchored in this surface.) 





g 
° 
5 
2 
Vol. of eluate (I.) 
Fig. 2. Elution of chainwork oligosaccharides from carbon 


column. The oligosaccharide mixture formed from sucrose 
by cell-free levansucrase was resolved on a column of 
charcoal after removal of hexoses on another charcoal 
column. Relative mobilities (Rgycrose) in solvent 1 are 
plotted as ordinates. Broken lines designate region of 
low oligosaccharide concentration in eluates; solid lines 
represent eluates containing a high oligosaccharide 
concentration. 
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Cultures of A. levanicum grown for 3 days on 6 % 
sucrose in broth or synthetic medium formed about 
0-4 % (w/v) of total non-sucrose oligosaccharides (as 
recovered chromatographically in the form of pure 
fractions) in addition to about 1% of levan. In 
cultures grown 4 days on 6 % raffinose, only about 
0-02 % of oligosaccharides and about 0-2 % of levan 
were found. The amounts of oligosaccharides 
formed by cell-free levansucrase in the standard 
reaction mixture containing 6 % of sucrose reached 
a concentration of 0-03 % in the first hour and 0-5 % 
at 24 hr., while levan increased from 0-2 to 1-5 %. 

To learn whether the oligosaccharides are formed 
from sucrose enzymically, a portion of a sucrose- 
levansucrase digest was concentrated only by 
freeze-drying before it was loaded heavily on paper. 
In the chromatogram which was obtained in this 
way, chainwr were discerned, whereas o and k were 
masked respectively by sucrose and _ glucose. 
Oligosaccharides were not apparent in a portion 
of enzyme solution incubated without added sub- 
strate, or in one of sucrose solution without added 
enzyme. The yield of oligosaccharides increased with 
initial sucrose concentration (Hestrin e¢ al. 1956) as 
well as with reaction time. It follows from these 
observations that the oligosaccharides are formed 
enzymically. 

Qualitative and quantitative findings pertaining 
to oligosaccharides chainwork are collected in 
Tables 2 and 3. Ionophoretic data are collected in 
Fig. 3. The finding that these oligosaccharides are 
all completely hydrolysed by yeast invertase 
provides the clue to their structure, since it follows 
that (1) the glycosidic linkages each involve at least 
one f-fructofuranosyl partner, and (2) each of the 
B-fructofuranosy]l residues must be either terminal 
in the oligosaccharide or a member of a f-fructo- 
furanosyl-terminated chain of repeating f-fructo- 
furanosyl residues. Further, since all oligosac- 
charides failed to yield a positive colour reaction 
with diazouracil and could not be degraded by 
levansucrase (Hestrin et al. 1956), structures in- 
volving the terminal f-fructofuranosyl group in 
sucrose configuration, i.e. fr~gl>R (for notation 
see Hestrin e¢ al. 1956), could be ruled out pre- 
sumptively. 

Structures meeting the requirements listed above 
cannot contain more than one non-fructose residue 
in the molecule. Except for 0, all the oligosac- 
charides contain glucose as well as fructose. Hence 
their DP could be deduced both from paper- 
chromatographic mobility and the values of the 
ratio ketose:aldose (Table 3). On the basis of DP 
thus assigned and other properties of the compounds 
as set forth in Tables 2 and 3, the compounds were 
placed in two main groups: (1) non-reducing 
oligosaccharides (chain) of DP 3-6 inclusive, and 
(2) reducing oligosaccharides (work) of DP 2. 
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Table 2. Qualitative properties of A. levanicum oligosaccharides 


Oligosaccharides were examined as pure fractions except in the cases of c and o. The preparation of c was contaminated 
by / and that of o by a trace of sucrose; +designates positive reaction; —its absence. 


Carbohydrates 





Cc ’ 
Levan (non- 
c, h, a, i, n w,r,k o Sucrose mobile spot) 
Copper reduction: - r p - _ 
Spray tests: 
aldose 3 of - 4 a 
ketose + + + {- + 
reducing function - +* + - ~ 
Chromatogram of hydrolysate: 
glucose - tf a 
fructose - - = : + 
other spots - - - - - 
Tests for fr~ Rt structure: 
diazouracil reaction - - ; + = 
response to levansucrase - - 2 + : 


Hydrolysis§ : 
hot mineral acid, pH 2 4 + } + + 
yeast invertase + } 4 i = 


* r failed to reduce alkaline triphenyltetrazolium reagent (Wallenfels, 1950) but was active towards alkaline dinitro- 
salicylate (Jeanes et al. 1951). 
Confirmed by test with notatin (Keilin & Hartree, 1948). 
fr~ R designates terminal f-fructofuranosyl group linked to carbonyl of glucose in sucrose configuration. 
§ +indicates total hydrolytic cleavage, — indicates no measurable hydrolysis. 


+ 
+ 
+ 


Table 3. Quantitative properties of A. levanicum oligosaccharides 


Aldose was measured as hexose iodimetrically (Macleod & Robison, 1929); total hexose was measured cuprimetrically on 
total hydrolyzate ((Somogyi, 1945); ketohexose was measured colorimetrically with resorcinol (Roe, Epstein & Goldstein, 
1949). : 

Ketose/aldose 








Oligosac- Rascroce Reducing quotient of Inferred 
charide [«]?>* (in solvent 1) powert hydrolysate DP 
c — 0-11 — 6 
h +11 (+3)° 0-21 — 3-9 5 
a +16 (£1) 0-38 “~ 31 4 
n +32 (40-5) 0-57 — 2-1 3 
it +26 (+1) 0-42 on 2-3 3 
0 _— 1-05 _— — 2 
w + 7(+1) 0-82 see an 2 
F +10 (+1) 1-32 0-50 1] 2 
k + 4(41) 1-54 0-57 1-0 2 

* To basis 1 g. of hexose released on hydrolysis/ml. of solution. 
+ Iodine-reducing aldose as aldohexose/total hexose. t Contaminated by n. 
a -* 8 
& BBB * : * o> - & 


. & ie 


Fig. 3. Composite diagram of the ionophoretic behaviour of oligosaccharides formed from sucrose. The diagram is a 
composite based on data of different paper ionophoretograms The general direction and rough order of relative 
magnitude of the velocities of ionophoresis are presented. Components are listed below from left to right. 1. Sucrose— 
yeast invertase oligosaccharide series (ef. Gross 1954): 6°-8-fructosylsucrose (=II,), 1°-8-frucosylsucrose (=II,), 
6¥--fructosylsucrose (=III), sucrose, three resolved components of V, 6-8-fructosylglucose (=I), and fructose. 
2. Sucrose-levansucrase oligosaccharide series: n, a +h, i, sucrose, one component of 0, r, second component ofo,k, 


and w. 3. Reference sugars: levanbiose and inulobiose. 


93.9 


“ 
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Non-reducing oligoses (chain) 


Paper-chromatographic mobilities were expressed 
as log «’=log[R,/(1—#,)], as recommended by 
French & Wild (1953). As an additive function, 
log x’ of a linear polymer can be expected to be the 
sum of increments contributed respectively by the 
tail term, the head term and the mid terms of the 
polymer, that is, log «’=x—y—mz, where « is the 
contribution of the head term, —y that of the tail 
term, and —z that of each of m mid terms. This 
expression need not necessarily be valid for low 
values of m, if proximity either to a head or tail term 
tends to influence the contribution made by a mid 
term. Fig. 4 shows that, in DP range 3 and above, 
the plot of log «’ against DP is linear both for the 
reducing oligoinulin the reducing 
oligolevan series as well as for the non-reducing 
series nahc. In the DP range 3 and below, on the 
other hand, changes in slope of log «’ with DP could 
be shown for all three fructosan series mentioned 
here. Since the log «’ function of oligosaccharides 
nahe forms a straight line which clearly does not 
pass through 2, it is probable that oligosaccharides 
nahe are successive members of a polymer series of 
which the first member is n and of which 7 is not a 


series and 


member. 


Presumptive 1*-8-fructosylsucrose series (nahc) 


To examine the hypothesis that oligosaccharides 
nahe arise from one another by the sequential 
addition of a fructosyl group, the isolated com- 
ponents were incubated separately each at about 
5 % concentration with levansucrase in the presence 





00 
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£-04 
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= -10 
00 
2 
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—14 

3 4 5 6 
DP of oligosaccharide 
Fig. 4. Paper-chromatographic mobilities of fructosan 


@. Series of reducing oligoinulins; 
O, series of reducing oligolevans; ©, 1*-8-fructosyl- 
sucrose series (n, a, h and c); @, 6¥-B-fructosylsucrose 
series [i (6*-8-fructosylsucrose) and j (fructosyl-6¥-p- 
fructosylsucrose) }. 


series in solvent 1. 
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of relatively low concentration (1%) of sucrose. 
When sucrose is at low concentration, it still acts as 
donor of fructosyl, but only to a relatively small 
degree as an acceptor. Under these conditions the 
acceptor activity of a non-sucrose component of the 
reaction mixture is easier to detect. Paper chro- 
matographic evidence was obtained which indicates 
that n accepts fructosyl, giving rise to a, that a 
similarly forms # and that h in turn generates c. 
Similarly, under corresponding test conditions, i 
accepted fructosyl, giving a product (7) with paper- 
chromatographic mobility similar to h (see Fig. 4). 

n: As mentioned above, the negative Raybin 
test of n and ¢ and their failure to yield either levan 
or fructose in the levansucrase test (cf. Hestrin et al. 
1956) show that neither » nor 7 can be a substance of 
the structural pattern fr ~ gl> fr (e.g. neokestose = 
6°-8-fructosylsucrose). Hence these two non- 
reducing trisaccharides can only be of the structure 
fr <fr~ gl (e.g. 1-kestose = 1*-8-fructosylsucrose). 

The general qualitative properties, optical rota- 
tion and glucose/fructose ratio of oligosaccharide n 
suggest that it is the 1"-8-fructosylsucrose [O-x-p- 
glucopyranosy] - (1 + 2)-O- 8 -p - fructofuranosy] - 
(1 > 2) B-p-fructofuranoside, 1-ketose; component 
II, of the sucrose—yeast invertase oligosaccharide 
series (Bacon, 1954b); «, of the sucrose—mould 
invertase oligosaccharide series (Bacon & Bell, 
1953; Barker, Bourne & Carrington, 1954)]. The 
isolated substance was pure both chromatographic- 
ally and ionophoretically. The paper-chromato- 
graphic and inophoretic mobilities of this product 
were indistinguishable from those of an authentic 
specimen of 1”-8-fructosylsucrose. Further, dextran- 
sucrase failed equally to act on either n or authentic 
1¥- 8-fructosylsucrose. 

a, h and c: The identity of slope of the log «’ 
function of oligosaccharide series nahe and that of 
the reducing series of oligoinulins accord with the 
notion that a, h and ¢ are short-chain inulins termi- 
nated by glucose in the sucrose configuration. Un- 
fortunately, the slopes of the log «’ functions of the 
reducing oligoinulin series and that of the reducing 
oligolevan series are not markedly different (ef. 
Fig. 4). Hence no definite can be 
reached from these data whether the interfructo- 
sidic linkages in a, h and ¢ are all 2:1 rather than 
a mixture of 2:1 and 2:6. An occurrence of branch- 
ing in the 1*-8-fructosylsucroside chains would 
probably have manifested itself in a discontinuity in 
the slope of the log «’ function (cf. French & Wild, 
1953). Hence the observed linearity of the function 
log «’ of series nahe makes it likely that the fructose 


conclusion 


chains a, h and ¢ are linear. 

The presence of substances of structural pattern 
fr, <fr~gl>fr, (where n values can be 1 or 2 or 
both) in the fractions designated respectively a, h 
and c is conceivable. 6°-8-Fructosylsucrose differs 
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but slightly from 1”-8-fructosylsucrose in paper- 
chromatographic mobility. Further, it has also 
been observed that transfructosylation to 6°-B- 
fructosylsucrose by levansucrase yields a product 
identical in paper-chromatographic mobility with 
oligosaccharide a (Hestrin et al. 1956). 


6"-B-Fructosylsucrose (i) 


It has already been noted above that 7, like n, 
cannot be a G-8-fructosylsucrose and thus must be 
an F-f-fructosylsucrose. On the basis of paper- 
chromatographic mobility, it is 6"-8-fructosyl- 
sucrose [O-x-D-glucopyranosyl-(1 -> 2)-O-8-p-fructo- 
furanosyl-(6 — 2) B-p-fructofuranoside; 6-kestose; 
spot III of the sucrose—-yeast invertase oligosac- 
charide series (Albon et al. 1953)]. However, 6"-£- 
fructosylsucrose is a major oligosaccharide product 
of yeast-invertase action, whereas 7 occurs in the 
sucrose—levansucrase system only in minute 
amounts. Dextransucrase failed to act on either 7 or 
authentic 6°-8-fructosylsucrose. 

Authentic 6*-8-fructosylsucrose and i were 
capable of serving with levansucrase as fructosyl 
acceptors. It may be noted that transfructosylation 
to 6"-8-fructosylsucrose by levansucrase afforded 
a product (j) with paper-chromatographic mobility 
resembling oligosaccharide h (Fig. 4). The presence of 
the 6"-8-fructosylsucrose residue in the molecules of 
the fractions designated h and c is therefore con- 
ceivable. In view of the low concentration of 6*-B- 
fructosylsucrose in the reaction mixture and the fact 
that its acceptor activity does not exceed and is 
probably less than that of 1*-8-fructosylsucrose, the 
amounts of 6*-8-fructosylsucroses that are present 
are probably negligibly low. 


Reducing disaccharides 


On the basis of the presence or absence of glucose 
in the molecule, two subgroups of reducing disac- 
charides were differentiated: fructosylglucoses and 
difructoses. The term ‘fructosylglucose’ is used as 
a group name for disaccharides that are formed from 
glucose by the introduction of a f-fructofuranosyl 
group in any glucocarbinol position. 


Fructosylglucoses (w, r and k) 


These compounds could be formed by trans- 
fructosylation to glucocarbinol positions either in 
free glucose, or in sucrose with subsequent degrada- 
tion of the difructosylglucose formed. To distinguish 
between these possibilities, the effect of a hexose- 
specific yeast (Torulopsis glabrata) on oligosac- 
charide synthesis in the sucrose—levansucrase 
system was examined, with results given in Table 4. 
It is evident that inclusion of yeast markedly in- 
creased the amount of sucrose utilized and the 
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attendant levan formation. This effect can be 
ascribed to the removal of glucose, a product which 
inhibits levansucrase action. The data show further 
that when hexoses (glucose and fructose) were 
removed from the reaction system as fast as they 
appeared some production of fructosylglucoses 
nevertheless still occurred. When levansucrase with 
sucrose (5%, w/v) acted in the presence of added 
glucose (7%, w/v) the rate of disappearance of 
sucrose was markedly retarded, but the relative 
proportion of £-fructosylglucose in the total 
products of transfer reactions was shown (by chro- 
matographic analysis for 6-8-fructosylglucose) to 
have been increased several times. This observation 
has supported the supposition that some transfer of 
fructosyl oceurs from a sucrose donor to the 
carbinol group of free glucose as acceptor. 





Table 4. Influence of hexose-specific yeast on the 
production of reducing disaccharides from sucrose 
by levansucrase 


Reaction mixture (10 ml.) containing 45% (w/v) of 
sucrose, 2 ml. of McIlvaine buffer, pH 5-4, 3 ml. of enzyme 
and 2 ml. of a heavy suspension of T'orulopsis glabrata cells 
was shaken at 35° for 7hr. Chromatographic analysis 
showed that yeast added had sufficed to remove hexoses as 
fast as these were formed. After removal of cells by centri- 
fuging, reaction was terminated by heating. In a control 
experiment, the yeast was added after the heating and was 
subsequently removed after accumulated hexoses had been 
fermented. Levan was removed by precipitation with 
ethanol. Supernatant fluids were reduced in volume to a 
syrup which was taken up in 5 ml. of water. Sucrose still 
present was decomposed specifically by incubation with a 
special yeast sucrase (Hestrin & Lindegren, 1952). Solu- 
tions were again treated with 7’. glabrata, cells were re- 
moved and the supernatant fluids treated with ion- 
exchange resins (Amberlite [RC-4B and IRC-50), concen- 
trated and finally examined by paper chromatography. 


Sucrose-levansucrase 
system acting in the 


‘ 


Presence Absence 

of yeast of yeast 
Levan formed (mg./ml.) 7-9 3-8 
Sucrose decomposed (mg./ml.)* 28-1 11-7 


Paper-chromatogram patterns :f 
1¥-8-Fructosylsucrose +++ + 
6-B-Fructosylglucose } 

2- and 3-8-fructosylglucoses + 

Difructose (oligosaccharides 0) ~ 

* Calculated as difference between initial sucrose and 
residual sucrose. The latter was estimated from total 
hexose liberated specifically by action of a special yeast 
sucrase on the monosaccharide-free mixture of reaction 
products. The analytical use of this enzyme will be 
described in detail later. 

+ Solvent 2; spray reagents specitic for ketosides and 
reducing compounds. Relative intensity of spots is indi- 
cated by number of + symbols. 





308 


The reactions leading to the formation of fructo- 
sylglucose in the absence of free glucose may be 
written as follows: 


fr ~ gl+enzyme = fr~enzyme + glucose, (1) 
(sucrose) 


fr ~ enzyme + fr~ gl > fr<gl~fr+enzyme, (2) 
(8-fructosylsucrose) 


fr<gl~fr+enzyme = fr~enzyme+fr<gl. (3) 
(fructosylglucose) 


The ability of levansucrase to degrade 6°-8-fructo- 
sylsucrose with attendant release of fructosylglucose 
as suggested by eqn. (3) has been reported pre- 
viously by us (Hestrin e¢ al. 1956). 

w: The observed qualitative properties, paper- 
chromatographic mobility, and optical activity of 
this compound were as those of component I of the 
sucrose—yeast invertase oligosaccharide _ series. 
Component I has been identified conclusively by 
Bell & Edelman (1954) as 6-O-8-p-fructofuranosyl- 
D-glucose. Further, w and I were indistinguishable 
ionophoretically. Although the isolated prepara- 
tion was chromatographically pure, ionophoresis 
revealed a trace of contamination by sucrose. 

r: This is a new f-fructofuranosyl-p-glucose 
isomer. On paper chromatograms it lags behind 
glucose but runs well ahead of sucrose or o (Fig. 2). 
Ionophoretically, r is slower than inulobiose and 
faster than levanbiose (Fig. 3). The specimen was 
chromatographically pure. 

According to a rule proposed by Foster (1953), an 
identical constituent introduced into glucose at 
different carbon sites alters the ionophoretic 
mobility in a characteristic manner. Substitution at 
C-3 and C-6 respectively yields a pair of products 
which have approximately the same ionophoretic 
mobility, whereas substitution at C-2 and C-4 
yields products of another mobility. Since the 
ionophoretic mobility of 7 was markedly different 
from that of 6-8-fructosylglucose, application of 
Foster’s rule suggests that r is not 3-f-fructosyl- 
glucose but that it could be 2- or 4-8-fructosyl- 
glucose. 

A choice between these alternatives could be 
made on the basis of the reaction of r towards 
alkaline triphenyltetrazolium chloride reagent of 
Wallenfels (1950). The susceptibility of this reagent 
to reduction by fructose is diminished markedly by 
introduction of a substituent in the primary 
hydroxyl group adjacent to the reducing carbonyl 
function. Thus inulobiose (2:l-linkage) did not 
react with the tetrazolium reagent, whereas 


levanbiose (2:6-linkage) reduced it readily. The 
inactivity of C-1-substituted methylfructose de- 
rivatives towards triphenyltetrazolium has been 
noted by Bell & Dedonder (1954). Compound r was 
inert to triphenyltetrazolium, whereas k and 6-f- 
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fructosylglucose reduced it readily. Hence r is 
probably 2-O-8-p-fructofuranosyl-v-glucose. 

k: This oligosaccharide is also a new f-fructo- 
furanosyl-p-glucose isomer. The paper-chromato- 
graphic mobility of this compound is quite re- 
markable: k runs as glucose in solvent 1; it runs 
faster even than glucose and almost as fast as 
fructose in solvent 2. Ionophoretically, k lags 
slightly behind I of the yeast-invertase series (see 
Fig. 3). The isolated compound was chromato- 
graphically pure. Ionophoresis revealed a barely 
discernible contamination of the product by 0 and 7. 

k is clearly not identical with the yeast invertase 
oligosaccharide I (6--fructosylglucose). Since k 
reacted with triphenyltetrazolium chloride and 
further differed from r chromatographically, k 
could be either 3- or 4-O-8-p-fructofuranosyl-p- 
glucose. Since the ionophoretic mobilities of k and 
6-8-fructosylglucose were found to be fairly close, 
the application of Foster’s rule suggests that & is 
probably 3-O0-8-p-fructofuranosyl-D-glucose. 

Periodate oxidation of the bromine-oxidized fructo- 
sylglucoses. The foregoing deductions concerning the 
structures of the isomeric f-fructosylglucoses, w, r 
and k, were confirmed by conversion of the sugars 
into the corresponding f-fructosylgluconic acid 
isomers, followed by oxidation with sodium meta- 
periodate. The observed yields of formic acid, 
together with theoretically expected values for the 
different isomers, are shown in Table 5. 


Table 5. Yields of formic acid afforded by periodate 
oxidation of fructosylgluconic acids formed from 
B-fructosylglucoses 


The disaccharide (about 30ymoles) was oxidized with 
Br, in presence of BaCO, (Seegmiller & Horecker, 1951). 
Br, was removed by aeration and BaCO, by filtration. The 
solution was evaporated to dryness in vacuo, and the 
residue extracted with a minimal quantity of water. This 
procedure was then repeated. To estimate molarity of the 
fructosylgluconic acid solutions, their fructosyl content 
was measured (Roe e¢ al. 1949). Portions (about 8 wmoles) 
were oxidized with NaIO,, the development of formic acid 
at 16-7° being followed manometrically (Perlin, 1954) over 
a period of 24 hr. Gas evolution after 12 hr. was negligible. 
Values are reported below after correction for an increment 
of CO, contributed by traces of BaCO, persisting in the 
solution analysed. Sucrose, carried through the same 
procedure, afforded 0-95 mole of formic acid/mole of 
disaccharide. 


Fructosylgluconic acids 
; Formic acid (mol.prop.) 


Carbon Cale. produced by fructosylgluconic 
position of mol.prop. acid isomers formed from 
fructosyl of formic =——\—-—————_, 
group acid w r k 
2 2 — 1-88 — 
3 1 — — 1-03 
4 0 — — -- 
6 2 1-85 - — 


ae 








ars 
cid 
ta- 
id, 


ate 
om. 


ith 
1). 
‘he 
the 
his 
the 
ont 
es) 
cid 
yer 
nt 


he 
me 





no 


Vol. 64 


Good agreement is evident between the results of 
periodate oxidation and the deduction previously 
drawn about the structure of these substances. 
Disaecharide w, shown previously to be indisting- 
uishable from the known 6-£-fructosylglucose, 
afforded about 2 moles of formic acid, in agreement 
with expectation. The assumption was made that 
glycollic acid and the system —CH(OH).CO,H are 
only negligibly attacked by periodate under the 
conditions employed (Jackson, 1944). Further, k, 
tentatively designated by us as 3-8-fructosylglucose, 
afforded almost exactly 1 mole of formic acid, and 
hence, as Table 5 shows, must have the structure 
previously suggested. Apart from 6-f-fructosyl- 
glucose, shown to be substance w, only 2-8-fructo- 
sylglucose would be expected to yield 2 moles of 
formic acid. The fact that r afforded approximately 
2 moles of formic acid thus confirms that r is indeed 
2-B-fructosylglucose. 

The observed agreement between the structures 
assigned on the basis of periodate oxidation and the 
inferences based on oxidation of the isomers by 
alkaline triphenyltetrazolium chloride lends support 
to the suggestion that the failure of an aldose or 
ketose to reduce the tetrazolium reagent constitutes 
presumptive evidence for the presence of a sub- 
stituent at C-2 of the aldose or at C-1 of the ketose. 
Since this test is rapid and can be conducted on a 
micro scale it is suggested that it could be one of 
general diagnostic value in a preliminary study of 
the structure of a carbohydrate. 

The present results accord well with Foster’s 
(1953) rule of electrophoretic mobility. In addition, 
it can also be indicated that introduction of the 
same substituent (p-fructosyl) into glucose affects 
paper-chromatographic mobility of this hexose to 
different degrees according to the position of sub- 
stitution. The mobility values form a series in the 
following descending order (numerals refer to the 
carbon position of the substituent): 3, 2, lx, 6. 


Difructoses (0) 


The paper-chromatographic mobility of o was as 
that of spot V of the sucrose—yeast invertase oligo- 
saccharide series (White & Secor, 1952; Gross, 1954). 
Like V, o was a mixture of at least two difructoses 
which could be resolved ionophoretically from one 
another and from sucrose. Compound o was also 
partially separable from sucrose by solvent 2. 
Ionophoretically the major component of o travelled 
as inulobiose (1-O-8-p-fructofuranosyl-p-fructose), 
and the minor component as levanbiose (6-O-8-p- 
fructofuranosyl-p-fructose). These are also the two 
known major components of V (Bell & Edelman, 
1954); a third component which was demonstrated 
in V by Gross (1954) and which is still of unknown 
structure was not found in o. 


When levansucrase acted on sucrose in the 
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presence of excess of hexose-specific yeast, the 
production of difructoses was markedly decreased if 
not abolished (Table 4). This suggests that the 
difructoses arise in the levansucrase system largely 
or exclusively by transfructosylation to free 
fructose, inulobiose presumably by transfructo- 
sylation to either fructo-pyranoses or -furanoses and 
to the open-chain form, and levanbiose by trans- 
fructosylation only to fructofuranose and the open- 
chain forms of fructose. The effect of fructose on 
the amount of o formed was therefore examined. 
Since sucrose masks o on paper chromatograms, 
raffinose was used as donor in the experiment. 
Raffinose (2 %) without any added fructose was in- 
cubated with levansucrase for 8 hr. under standard 
conditions of reaction. The chromatogram of 20 pl. 
of the reaction mixture showed products previously 
listed (Hestrin et al. 1956), but no discernible 
amount of any difructose (0). When, on the other 
hand, levansucrase acted on raffinose in the presence 
of 10% added fructose a ketoside with chromato- 
graphic mobility of o was clearly discerned. Since 
addition of fructose to this system had resulted in 
an at least tenfold enhancement of o formation, the 
notion that free fructose served as the acceptor in 
the synthesis of 0 is corroborated by the results of 
this experiment. 


DISCUSSION 


In view of the difficulty of preparing the A.levanicum 
oligosaccharides in pure form in adequate quantities, 
their structural analysis by rigorous classical 
methods has still not been attempted. The ten- 
tatively assigned structures and probable modes of 
origin of the oligosaccharides are presented in 
Table 6. 

Since the oligosaccharides formed were neither 
hydrolysed nor otherwise attacked at significant 
rate, their relative amounts in this system provide 
a measure of the acceptor activity of the competing 
glucocarbinol and fructocarbinol groups (cf. also 
Hestrin et al. 1956). It has been shown that the 
1*-8-fructosylsucrose is greatly preponderant in the 
mixture of products over both 6*-8-fructosylsucrose 
and the possible products of transfructosylation to 
any glucocarbinol site; further, 3"- and 4°-B-fructo- 
sylsucrose, if formed at all, could not be detected. 
Hence it can be deduced that the C-1 fructocarbinol 
site in sucrose is by far the most favoured acceptor 
site. 

The occurrence of 2- and 3-8-fructosylglucose 
among the products formed merits separate mention 
as it constitutes probably the first record of trans- 
fructosylation to secondary carbinol groups. Yeast 
invertase transfructosylates exclusively to the 
primary carbinol group of glucose (Bell & Edelman, 
1954). Since yeast invertase nevertheless has here 
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Table 6. Proposed classification and probable structures of oligosaccharides 
formed from sucrose by A. levanicum levansucrase 
Chromatogram symbols 
ee a =a 
Levan- Yeast- 
Presumed acceptors in the sucrase invertase 
DP Products of reaction synthetic process products products* 
2 B-Fructosylfructose isomers (fr <fr) : Fructose 
1-8-Fructosylfructose (inulobiose) _- 0 V 
6-B8-Fructosylfructose (levanbiose) —_— 0 ¥ 
2 B-Fructosylglucose isomers (fr <gl): Glucose, sucrose 
6-B-Fructosylglucose — w I 
2-B-Fructosylglucose —_ r — 
3-B-Fructosylglucose -— k _ 
1£-8-Fructosylsucrose series: 
3 1F- 8-Fructosylsucrose Sucrose n Il, 
+ Fructosyl-1¥-8-fructosylsucrose 1¥- 8-Fructosylsucrose a - 
5 Difructosyl-1¥-B-fructosylsucrose Fructosyl-1?-8-fructosylsucrose h — 
6 Trifructosyl-1*-8-fructosylsucrose Difructosyl-1*-8-fructosylsucrose c _ 
6¥-8-Fructosylsucrose series: 
3 6¥- B-Fructosylsucrose Sucrose i Lil 
4 Fructosyl-6"-8-fructosylsucrose 6¥- 8-Fructosylsucrose j 


* Cf. Bacon (1954). 


been found to hydrolyse both 2- and 3-8-fructosyl- 
glucose readily, these compounds appear to belong 
together with sucrose (cf. Edelman, 1954) in a 
category of substrates which may be hydrolysed yet 
cannot be formed by yeast invertase. 

Several observations suggest that the magnitude 
of the energy term associated with the synthesis of 
a glycoside depends on the carbinol involved. Thus 
synthesis of starch from sucrose is reversible, 
whereas that of dextran is practically irreversible 
(Hehre, 1951). Further, conversion of dextrin into 
dextran has been found to be practically irreversible 
(Hehre & Hamilton, 1951). Finally it is known that 
@Q-enzyme forms amylopectin from amylose in an 
essentially irreversible manner (Barker, Bourne, 
Wilkinson & Peat, 1950). These observations make 
it likely that — AF” (free-energy charge) of hydro- 
lysis of a glycosidic linkage is substantially lower 
when the position of substitution is a primary rather 
than a secondary carbinol. This conclusion permits 
of a rationalization of the observation that trans- 
fructosylation to secondary glucocarbinol positions 
is observed from the energy-rich fructosyl complex 
formed from sucrose by levansucrase (Hestrin e¢ al. 
1956), but not from the complex of lower energy 
formed practically irreversibly from sucrose hy 
yeast invertase. 

The physiological status 
generated from sucrose respectively by A. levanicum 
and by yeasts and moulds are distinct. In the yeast 
and mould systems the oligosaccharides appear as 
intermediates which are hydrolysed by the system 
which produces them. In A. levanicum, on the 
other hand, the products of transfructosylation 
(oligosaccharides and levan) resist hydrolysis and 


of oligosaccharides 


their formation in culture even represents a loss of 


fermentable carbon to the organism. The biological 
utility of either oligosaccharide or levan synthesis in 
A. levanicum is not evident. 


SUMMARY 


1. Aseries of fructo-oligosaccharides was formed 
from sucrose by growing cells of Aerobacter levanicum 
and by the cell-free levansucrase solution of A. 
levanicum. All the formed fructo-oligosaccharides 
were readily hydrolysed by yeast invertase but were 
not measurably degraded by levansucrase. Their 
separation, purification and probable structures are 
described. 

2. The major oligosaccharide product of reaction 
was 1*-8-fructosylsucrose. Traces of 6*-8-fructosyl- 
sucrose were produced. 

3. Oligorepetitive transfructosylation from su- 
crose to 1"-8-fructosylsucrose gave mono-, di- and 
tri-fructosides of 1"-8-fructosylsucrose. By transfer 
to 6*-8-fructosylsucrose a monofructoside of this 
trisaccharide was formed. 

4. Transfructosylation from sucrose to fructose 
afforded the B-fructosylfructose isomers, inulobiose 
and levanbiose. 

5. Transfructosylation from sucrose to carbinol 
positions in glucose (both free glucose and the 
glucosyl moiety ofsucrose) resulted in the production 
of isomeric f-fructosylglucoses: the known 6- and 
the hitherto unknown isomers, 2- and 3-8-fructosy]- 
glucoses. 

6. The energy requirement of glycoside synthesis 
at the secondary and primary carbinol positions of 
glucose is discussed. 
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The Enzymic Properties of Rat-liver Nuclei 


1. ESTIMATION OF THE EXTENT TO WHICH CONTAMINANT MATERIAL CONTRIBUTES 
TO THE ACTIVITY OBSERVED IN THE NUCLEAR FRACTION 


By D. B. ROODYN* 
Department of Biochemistry, University of Cambridge 


(Received 1 February 1956) 


The isolation of nuclei from tissue homogenates by 
differential centrifuging has not given very clear 
information about the enzymic properties of the 
nucleus. One of the main difficulties is that often 
only a small percentage of the total activity of the 
homogenate is found in the nuclear fraction and, as 
many of the fractionation methods most commonly 
used for enzyme studies do not prevent the con- 
tamination of the nuclei with larger or smaller 
amounts of cytoplasmic particles, unbroken cells, 


* Present address: Medical Research Council Radio- 
biological Research Unit, Atomic Energy Research Estab- 
lishment, Harwell, Didcot, Berks. 


fibrous material and erythrocytes, it is 
difficult to decide whether the observed activity is to 
be ascribed to the nuclei themselves or to the con- 
taminants. It was therefore decided to investigate 
the position for two enzymes, aldolase and succin- 
oxidase, in an attempt to establish whether the low 
activities reported by other workers to be present in 
the nuclear fractions are due to the nuclei or not. 
Dounce (1948) has reported that liver nuclei 
prepared in dilute citric acid do not contain succinic 
dehydrogenase, and this enzyme was also reported 
to be absent from rat-liver and pig-kidney nuclei 
prepared by Lang & Siebert (1950). However, none 


very 
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of these workers gives recovery of enzyme after 
fractionation, so that it is not clear whether the 
absence could have been due to inactivation during 
the isolation procedure. It has been established by 
many other workers that rat-liver nuclear fractions 
contain succinoxidase but in lower concentration 
than in the whole tissue. It has also been con- 
sistently found that the bulk of the liver succin- 
oxidase is in the mitochondrial fraction (see, for 
example, Schneider, 1946; Schneider & Hogeboom, 
1950; Schein, Podber & Novikoff, 1951; Kensler & 
Langermann, 1951; Shepherd & Kalnitsky, 1951; 
Novikoff, Podber, Ryan & Noe, 1953). 

Dounce & Beyer (1948) reported that rat-liver 
nuclei isolated in dilute citric acid contained 
aldolase at a concentration of about 40 % of that of 
the whole tissue. Kennedy & Lehninger (1949), by 
using rat liver fractionated in 0-88™M sucrose, found 
that 96% of the total activity was in the soluble 
fraction, 1 % in the cytoplasmic particles and 3 % in 
the nuclear fraction. 

The work to be presented is an attempt to 
establish whether the small activities observed in 
both cases are due to nuclei or to contaminant 


material. 
EXPERIMENTAL 


Materials 


Cytochrome c. This was prepared by the method of Keilin & 
Hartree (1945). Recently, a sample that had been further 
purified by the method of Margoliash (1954) was used. No 
difference in the results with the succinoxidase assay could 
be observed with the two samples. 

Succinic acid. This was recrystallized twice from the 
commercial sample, with ethanol and water. 

Hexose diphosphate. This was prepared as the dibarium 
salt by an unpublished method used in this laboratory. The 
concn. was measured by total P or by fructose analyses, by 
the method of Roe (1934). For the latter it was assumed 
that one mole of hexose diphosphate gave 0-525 of the 
colour of one mole of fructose in the method of Roe (Sibley & 
Lehninger, 1949). The barium hexose diphosphate was 
decomposed in acid solution by the addition of Na,SO, and 
stored at — 15° at pH 6-0 as a 0-1 solution. Samples were 
taken for aldolase assay after adjusting to pH 8-6 and 
0-05m. The sodium salt had a yellow colour which was 
partially removed by shaking the solution at pH 6-0 with 
Norit decolorizing charcoal. All aldolase assays were done 
on the same sample of barium hexose diphosphate, kept dry 
at 0°. The ratio (mg. of total P —- mg. of inorganic P)/mg. of 
fructose was 0-293 (0-291 for 100% purity) and 1-7 % of the 
total P was inorganic P. The sodium salt was analysed 
chromatographically by the system of Hanes & Isherwood 
(1949), and it ran as a single spot except for the small 
amount of inorganic phosphate. Thus, apart from the pale- 
yellow colour, the material appeared to be of a satisfactorily 
high standard of purity for aldolase assays. 

All other compounds used were of AnalaR grade 
purity, all reagents being made up in glass-distilled 


water. 
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Methods 


Phosphate determinations. These were carried out by the 
method of Fiske & Subbarow (1925). The inorganic P 
determinations were adapted so that the final colour was 
determined in a volume of 4-0 ml. Fructose and phosphate 
colours were read in a Beckman DU spectrophotometer. 

Total nitrogen. This was determined by a micro-Kjeldahl 
procedure. 

Deoxyribonucleic acid. This was determined by the 
method of Schmidt & Thannhauser (1945) as modified by 
Davidson, Frazer & Hutchison (1951). The nucleic acid was 
estimated by its total P content. 

Enzyme assays. All assays were carried out within the 
range in which the rate of reaction was proportional to 
tissue concentration. All fractions from the same liver were 
estimated simultaneously, as soon as the last fraction was 
obtained. Also, all fractions were estimated under the same 
conditions of: pH, and salt and sucrose concentration. To 
obtain this it was usually sufficient to suspend all fractions 
finally in the same medium and use the same volume for 
enzyme assay. In some cases this was not possible and it was 
then necessary to make up compensating solutions, the 
addition of which brought the conditions of assay to the 
same in all manometer flasks or assay tubes. 

(a) Succinoxidase. The manometric method of Schneider 
& Potter (1943) was used, with conventional Warburg 
apparatus of approximately 20 ml. gas space, calibrated by 
the method of Dickens (1951). The results are given in pl. of 
O,/hr. at pH. 7-4 and 37°. 

(b) Aldolase. The splitting of hexose diphosphate was 
followed by the appearance of alkali-labile phosphate 
(Meyerhof & Lohmann, 1934a, b). The reaction conditions 
were the same as those used by Sibley & Lehninger (1949), 
the reaction mixture having the following final composition: 
hydrazine sulphate 0-056m, aminotrishydroxymethyl- 
methane—HCl mixture 0-04m, and sodium hexose diphos- 
phate 0-005m. All reagents were at pH 8-60. The reaction 
was carried out at 37° for 15 min. and was started by the 
addition of enzyme. It was stopped by adding 10% (w/v) 
trichloroacetic acid to give a final concentration of 4-5%. 
The tubes were put in ice for 10 min., and then centrifuged 
at 2000g for 10min. Samples of the supernatant were 
estimated for inorganic phosphate and for alkali-labile 
plus inorganic phosphate after incubation in n-NaOH at 
room temp. for 20 min. followed by neutralization with 
n-HCl. Blanks were set up by adding trichloroacetic acid 
before the enzyme, and it was invariably found that the 
latter contained a negligible amount of phosphate that was 
labile under these conditions of alkaline hydrolysis. Thus 
the alkali-labile phosphate blank from 50 mg. (wet weight) 
of rat liver was less than 0-35 yg. of P, whereas the same 
amount of tissue released 700 ug. of alkali-labile P in the 
enzyme assay. Similarly, it was found that the enzyme did 
not have appreciable hexose diphosphatase activity under 
the conditions used, the amount of inorganic phosphate 
finally present being accounted for by that in the tissue and 
substrate. It was assumed that the release of 62 yg. of alkali- 
labile P corresponded to the splitting of 1 umole of hexose 
diphosphate. Aldolase activity is therefore expressed in 
pmoles of hexose diphosphate split/hr. at pH 8-60 
and 37°. One unit of aldolase is defined as the amount 
that splits 1mole of hexose diphosphate/hr. under these 
conditions. 
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Cell fractionation. All work was done on male adult black 
hooded rats (body wt., 150-250 g.) and fed on a mixed stock 
diet. Suitable precautions were taken at all stages to keep 
the temperature of the fractions between 0° and 4°. 

Method 1. The method used differed little from that of 
Hogeboom, Schneider & Striebich (1952) in which the nuclei 
are separated from the homogenate by three sedimentations 
for 10 min. each at 600 g. The liver was perfused via a poly- 
thene cannula through the portal vein and then through the 
inferior vena cava. The liver was forced through a small 
Latapie mincer and then homogenized in a Potter-Elvehjem 
apparatus with a Perspex head fitted into Viridia precision- 
bore tubing. The homogenate was filtered through one layer 
of plain, sterile surgical lint. Supernatants were removed 
with a hypodermic syringe fitted with a tapered polythene 
tube of such a length that when the base of the syringe is 
dropped over the mouth of the centrifuge tube, the end of 
the polythene tube lies just above the pellet. A clean removal 
of the supernatant is obtained with minimum disturbance of 
the underlying sediment. In all other respects the method 
was carried out as described by Hogeboom et al. (1952). The 
term homogenate is defined as the liver suspension from 
which some fibre, whole cells and nuclei have been removed 
by filtration; supernatants refers to the combination of all 
fractions derived from the homogenate, apart from the 
nuclear fraction. Nuclear fraction is the final sediment 
obtained by Method 1 or modifications of it. All nuclear 
fractions were finally suspended in 0-25 sucrose-0-00018 m- 
CaCl,. 

Method 2. A medium of graded specific gravity was used 
(cf. Holter, Ottesen & Weber, 1953; Kuff & Schneider, 1954; 
Anderson, 1955). A volume (40 ml.) of a 20% (w/v) 
homogenate of liver was fractionated by Method 1 and the 
final pellet made up to 5-0 ml. in 0-25m sucrose-0-00018 M- 
CaCl, ; 1 ml. was kept for analysis and the remainder layered 
over a medium of graded sucrose concentration. All 
solutions were 0-00018m with respect to CaCl,. A bottom 
layer of 5-0 ml. of 40% (w/v) sucrose was used and over this 
eleven layers, each of 3-0 ml., were carefully introduced with 
a bent-tipped pipette. The solutions added extended over 
the range 36-11 % (w/v) of sucrose. A short centrifuging was 
used and the maximum care was taken to prevent dis- 
turbance of the layers. The layers were removed with a bent- 
tipped pipette. (In many preparations serious clumping of 
the tissue occurred during the centrifuging and the fraction- 
ation was spoiled. Such clumping was kept to a minimum by 
preparing the nuclear fraction by Method 1 as quickly as 
possible, and by working as near to 0° as possible.) In the 
fractionation described in Fig. 4 the conditions were altered 
somewhat in order to obtain a better definition of the nuclear 
peak. 
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RESULTS 
Succinoxidase activity of nuclear fractions 


The results of several fractionations by Method 1 
are given in Table 1. It can be seen that only about 
1-5 % of the total succinoxidase was found in the 
nuclear fraction. The term relative concentration 
refers to the activity/mg. of N of the nuclear 
fraction divided by the activity/mg. of N of the 
homogenate from which it was derived. Thus 
100 x relative concentration is equivalent to the 
more commonly used term percentage specific 
activity. The relative concentration for succinoxi- 
dase was low, and on some occasions nuclear 
fractions were obtained with much lower values 
(0-04—0-01 or less). It was not possible to obtain 
such low values consistently, however. A rough 
correlation was observed between the whole cell and 
succinoxidase content of nuclear fractions, by the 
following method. The number of whole cells 
originally present in the liver used, before cell 
rupture, was calculated from counts of nuclei and 
whole cells in the homogenate, assuming (a) that no 
nuclei were completely destroyed by homogeniza- 
tion and (b) that 30% of liver cells are binucleate 
(Harrison, 1953). The number of whole cells in the 
nuclear fraction was counted and it was found, by 
averaging five fractionations, that this was 1-3 % of 
the cells originally present in the liver. This was 
only slightly lower than the percentage of total 
succinoxidase found in the nuclear fraction (Table 1) 
and it was likely that the difference was due to 
mitochondrial contamination. 

Fractionation by Method 2 confirms these indi- 
cations. It can be seen in Figs. 1 and 2 that there is 
no correlation at all between the distribution of 
nuclei and of the enzyme. In the first experiment 
(Fig. 1) compensating solutions were not used in the 
assay, which probably explains the poor recovery of 
enzyme. In the second experiment (Fig. 2) all the 
observed activity in the original nuclear fraction was 
due to two types of contamination, one sedimenting 
above the nuclei (presumably mitochondria, since 
the upper part of the centrifuge tube contained the 
bulk of the particulate material in the original 


Table 1. Summary of results of fractionations by Method 1 


? - _ . . ss Sai ili > ar 
Average values given with standard error of mean. The number of fractionations is given in brackets. HDP, Hexose 


diphosphate. 


Nitrogen 
9-0+.0-36 (19) 


Percentage of amount in homogenate found 
in nuclear fraction 
Percentage recovery after fractionation 


Activity/mg. of N of homogenate = 
Activity/mg. of N of nuclear fraction —— 
Relative conen. = 


100-2 +0-40 (19) 


Aldolase 
Succinoxidase (umoles of HDP 
(pl. of O,/hr.) split/hr.) 


1-48 +. 0-39 (10) 12-5 + 1-29 (37) 
96-0 + 1-16 (28) 
28-6 -+.0-99 (37) 
39-83-41 (37) 
1-44 40-12 (37) 


97-50-86 (6) 
797 + 23-5 (10) 
138-435 (10) 

0-17 + 0-04 (10) 
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nuclear fraction), and one sedimenting below the 
nuclei (presumably unbroken liver cells, as in 
Fig. 1). In Fig. 2 there were not enough whole cells 
present in the original nuclear fraction to obtain 
accurate counts on all fractions, but it was observed 
qualitatively that most of the cells were found 
5-6 cm. from the meniscus. 

It was thought that sufficient evidence had been 
obtained to conclude that nuclei do not contribute 
to the succinoxidase activity of nuclear fractions 
obtained by Method 1. 


~~ 
oO 


50 


40 


30 


20 


10 


Percentage of amount in original nuclear fraction 


7 1 2 c 4 5 6 7 
Distance from meniscus (cm.) 


Fig. 1. Distribution of succinoxidase, erythrocytes, nuclei 
and whole cells along the length of the tube after centri- 
fuging in a medium of graded specific gravity. 
Succinoxidase; O, erythrocytes; @, nuclei; whole 
cells. The concentrations per ml. of original nuclear 
fraction of the components were: succinoxidase, 504 pl. 
of O,/hr.; erythrocytes, 14-8 x 10®; nuclei, 88 x 10°; 
whole cells, 1-38 x 10°; the recoveries after fractiona- 
tion were 67, 100, 114 and 109%, respectively. Nuclear 
fractions were layered over graded medium (11-40% of 
sucrose by 2-5% intervals) and centrifuged for 4 min. at 
300 g. 
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Aldolase activity of nuclear fractions 

The results of thirty-seven fractionations by 
Method | are given in Table 1. It can be seen that 
much more aldolase than succinoxidase was found 
in the nuclear fraction (12-5 %) and that the enzyme 
was 1-44 times more concentrated in the nuclear 
fraction than in the homogenate. In several of the 
fractionations parallel assays with succinoxidase 
were carried out (Table 2) and on every occasion 


© 
So 


a 
o 


Y 
Oo 


Percentage of amount in original nuclear fractién 
> 
Ss 


1 2 3 4 5 
Distance from meniscus (cm.) 


Fig. 2. Distribution of succinoxidase and nuclei along 
length of tube after centrifuging in a medium of graded 
specific gravity. ©, Succinoxidase; @, nuclei. The 
original nuclear fraction had 2-91 mg. of nitrogen, a 
succinoxidase activity of 425 yl. of O,/hr. and 127 x 10° 
nuclei/ml. The recoveries after fractionation were 102, 
100 and 118%, respectively. The nuclear fraction also 
had 0-2 x 10° whole cells/ml., but these were not sufficient 
to obtain accurate counts in the various fractions after 
centrifuging. Original nuclear fraction layered over 
graded medium [11-40% (w/v) by 2-5% intervals] and 
centrifuged for 4 min. at 300 g. 


Parallel assays for succinoxidase and aldolase in nuclear fractions 


prepared by Method | 


The fractionations have been arbitrarily arranged in order of descending succinoxidase activity. 


Percentage of total activity 
of homogenate found 
in nuclear fraction 
Fractionation — 


Aldolase 


no. Succinoxidase 

1 3-0 6-7 
2 2-0 9-7 
3 0-89 11-6 
4 0-40 17-5 
5 0-27 6-0 
6 0-10 7-2 
7 Negligible 3-0 


Relative conen. 


Relative conen. of aldolase/ 


= *— _erelative concn. of 
Succinoxidase Aldolase succinoxidase 

0-28 0-63 2-25 

0-24 1-10 4-58 

0-13 1-68 12-9 

0-058 2-50 47-1 

0-039 0-88 22-6 

0-013 0-94 72-4 

pa 0-64 (Infinity) 
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both the percentage of the total enzyme and the 
relative concentration were higher than for succin- 
oxidase. Also the values for aldolase bore no con- 
stant relationship to those for succinoxidase. The 
difference in behaviour of the two enzymes is further 
shown by fractionations by Method 2. In the first 
case (Fig. 3), a sharp correlation between nuclei (as 


estimated by direct count) and aldolase was 


oe 

o 
Ww 
oO 


N 
So 


> 40 


split/hr 


NY 

oO 
— 
oO 


Number of nuclei (x 1076) and 
number of whole cells ( x 1074) 


Oo 
Oo 


Aldolase (tmoles of hexose diphosphate 


1 x 2.4 ~ @& # 
Distance from meniscus (cm.) 


Fig. 3. Distribution of nuclei, whole cells, and aldolase 
after centrifuging in a medium of graded specific gravity. 
O, Nuclei; 0, whole cells; @, aldolase. The concentra- 
tions per ml. of the original nuclear fraction for the 
various components were: nuclei, 115 x 10°; whole cells, 
0-7 x 10°; aldolase, 220umoles of hexose diphosphate 
split/hr.; nitrogen, 3-14 mg.; the recoveries after fraction- 
ation were 97-9% for aldolase and 99% for nitrogen. 
Original nuclear fraction layered over graded medium 
[11-40% (w/v) of sucrose by 2-5% intervals] and centri- 
fuged for 4 min. at 300 g. 


12 


10 


Percentage of amount in original 
nuclear fraction/3 ml. of fraction 
oO 


1 Zz s 4 5 6 7 
Distance from meniscus (cm.) 


Fig. 4. Distribution of aldolase and deoxyribonucleic acid 
along the length of the tube after centrifuging in a medium 
of graded specific gravity. @, Aldolase; O, deoxyribo- 
nucleic acid. The original nuclear fraction had 0-947 mg. 


of deoxyribonucleic acid and an aldolase activity of 


1l5umoles of hexose diphosphate split/hr./ml. The 


recoveries after fractionation were 94-4 and 100%, 


respectively. The volume (4 ml.) of fraction was layered 
and centrifuged for 6 min. at 300 g. Graded medium from 
10-40% (w/v) of sucrose by 2% intervals. 
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observed. Fig. 4 shows that a good correlation is 
observed if the nuclei are estimated by their 
deoxyribonucleic acid content. In this experiment 
the nuclear fraction used for centrifuging in the 
graded medium had a low succinoxidase and a 
moderately high aldolase activity (Table 2, fraction- 
ation no. 4). There were a few whole cells in the 
preparation and they were mostly found at the 
bottom of the tube after the centrifuging. 


Contribution of cell particles and erythrocytes 

Succinoxidase assays (Figs. 1 and 2) in two 
fractions and microscopic examination of nine 
fractionations by Method 2 showed that the bulk of 
the cell particles in the original nuclear fraction 
were left in the upper layers of the tube after centri- 
fuging in the graded medium. There is no evidence of 
a peak near the top of the tube in the distribution of 
aldolase (Fig. 3, and particularly Fig. 4) and so it 
is unlikely that mitochondria have much aldolase 
activity (cf. Kennedy & Lehninger, 1949). Also, it 
was confirmed that most of the liver aldolase, 
apart from that found in the nuclear fraction, is in 
the soluble fraction. Thus on one occasion 97 % of 
the total aldolase of a liver homogenate was not 
sedimented by centrifuging for 25 min. at 2500g 
followed by 30 min. at 100 000 g. 

Direct estimation of the aldolase activity of 
erythrocytes that had been washed once with the 
suspending medium showed that their activity per 
million cells was so low that it contributed only 
0-067 % to the total activity in a nuclear fraction 
obtained from a poorly-perfused liver, and only 
0-00096 % to the activity observed in a nuclear 
fraction obtained from a well-perfused liver. It was 
also found that a nuclear fraction obtained from 
a perfused lobe of a rat’s liver had a greater specific 
activity (45-2 units/mg. of N) than a nuclear 
fraction obtained from a lobe that had not been 
perfused (30-7 units/mg. of N). This would be 
expected if the second nuclear fraction were heavily 
contaminated with enzymically inactive material, 
i.e. erythrocytes. Finally, Fig. 1 shows that some 
separation was obtained between nuclei and 
erythrocytes after centrifuging in the graded 
medium. 


Contribution of fibrous and connective tissue 


The amount present in the nuclear fraction, 
although variable, was usually fairly small, and it 
was noticed that Method 2 resulted in some separa- 
tion of nuclei from this contamination, since fine, 
floating pieces of connective tissue appeared mainly 
in the upper fractions in the centrifuge tube and 
large pieces of fibre sedimented to the bottom. An 
attempt was made to estimate the aldolase activity 
of liver fibrous tissue directly. A rat liver was 
forced through the Latapie mincer (see Methods), 
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fitted with a plate pierced by 1 mm. diam. holes. 
The aldolase activity of the fibrous and connective 
tissue that remained attached to the plate was 
16-8 units/mg. of N, whereas that of the whole liver 
was 24-9 units/mg. of N. Under the microscope the 
preparation of fibre was found to be grossly con- 
taminated with adhering liver cells, and so its 
lower aldolase activity, compared with the original 
liver, even in the presence of so much contamination, 
indicates that the aldolase activity of pure fibrous 
material cannot be very high. 





Effect of washing the nuclet 


Repeated resuspension and sedimentation of the 
nuclear pellet showed that after three sedimenta- 
tions no more enzyme appears in the supernatant 
(Fig. 5). To avoid the danger of sucking up nuclei 
while removing the supernatants, 0-8 ml. of super- 
natant was left overlying the nuclear pellet at each 
stage, so that removal of supernatant was not as 
efficient as in the normal Method 1. (Five, instead 
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Fig. 5. Effect of repeated sedimentations on distribution of 
aldolase between nuclei and supernatants. A volume 
(10-0 ml.) of a 10% (w/v) liver homogenate was centri- 
fuged at 600 g for 10 min.; 9-0 ml. of the supernatant was 
removed and the remaining nuclear pellet (0-2 ml.) and 
overlying supernatant (0-8 ml.) were resuspended, made 
up to 10-0 ml. and centrifuged again. The process was 
repeated four times. All resuspensions were in 0-25M 
sucrose-0-00018M-CaCl,. 1, Total recovery of enzyme; 
@, aldolase in sediment (nuclei plus overlying 0-8 ml. of 
supernatant) ; O, aldolase in upper 9-0 ml. of supernatant. 
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of three sedimentations, were needed to obtain 
constant activity in the nuclear fraction, but the 
small fall in activity in the nuclear fraction after the 
third and fourth sedimentations was probably due 
to inactivation of the nuclear enzyme, since the 
total recovery of enzyme fell off at the same time to 
about the same extent.) 

If much free soluble enzyme were left in the 
nuclear pellet obtained by Method 1 one would 
expect a small peak in activity in the top of the 
centrifuge tube in Method 2, since the very short 
centrifuging used would not sediment the free 
enzyme. It can be concluded that the three sedi- 
mentations (with layering) used in Method 1 
adequately removed all free enzyme from the 
nuclear pellet. 


Contribution of whole cells 

The nuclear fractions averaged in Table 1 had 
12-5 % of the total aldolase. As stated above, in the 
average of five fractionations only 1-3 % of the total 
cells originally present were found in the nuclear 
fraction. If all the activity in the nuclear fraction 
were due to whole cells they would therefore have 
had a specific activity eight to nine times that of the 
homogenate. Similarly, if the number of whole cells 
in the fractionation described in Fig. 3 contributed 
to all the activity observed in the original nuclear 
fraction, they would have to possess a calculated 
activity of about 700 units/mg. of N (assuming that 
one whole cell has ten times the N content of one 
nucleus). Such a specific activity is 25 times the 
average observed in thirty-seven homogenates 
(Table 1). If the specific activity of the whole cell 
were so high one would expect higher specific 
activities in the fractions in Method 2 nearest the 
bottom of the centrifuge tube. It was actually 
found in the fractionations described in Figs. 3 and 4 
that the specific activity was nearly constant along 
the length of the tube, it possibly being slightly 
higher in the fractions that contained most of the 
nuclei. 

The complete absence of correlation between 
whole cells and aldolase is shown in Fig. 3 and was 


observed qualitatively in the fractionation in 
Fig. 4. Also the presence of considerable aldolase 


activity in one of the fractions (Fig. 3, 2 em. from 
the meniscus) that had no detectable whole cells 
makes it very unlikely that they contribute a large 
amount to nuclear aldolase. 


Variability in aldolase of nuclear fraction 


A striking effect observed in the course of this 
work was the extreme variability in the aldolase 
activity of isolated nuclei. On some occasions only 
about 3% of the total activity (e.g. Table 2, 
fractionation no. 7) was found in the nuclear 
fraction, while on others almost 30% was found. 
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Table 3. Aldolase distribution in two apparently similar fractionations by Method 1 


Percentage of 


Fractionation 
no. Fraction 
1 Supernatants 
Nuclear fraction 
Recovery 
2 Supernatants 


Nuclear fraction 
Recovery 


Table 3 shows two fractionations by method lI, 
apparently carried out in exactly the same way, 
where one nuclear fraction had about four times the 
activity of the other. In addition, as the recovery 
was poor in the first fractionation, it is possible that 
this nuclear fraction actually had much more than 
27-6 % of the total activity. While such variations 
made a moderate difference to the total balance 
sheet of recovered enzyme, they made a very 
significant difference to the absolute nuclear 
activities. An investigation into the origin of this 
variability is presented in the next paper (Roodyn, 
1956). 


DISCUSSION 
Absence of succinoxidase 


The absence of succinoxidase from rat-liver nuclei is 
not surprising and is probably not an original 
observation. Indeed the fact that liver nuclei are 
deficient in cytochrome oxidase (Hogeboom eé al. 
1952) makes it difficult to imagine how nuclei could 
oxidize succinate with oxygen. The questions 
whether the nuclear membrane is permeable to the 
substrates used in the assay or whether the test 
conditions are suitable to demonstrate any oxi- 
dative ability of nuclei have not been investigated. 
The enzyme has been used in this paper entirely as 
a guide to methods for revealing the extent of the 
contribution of contaminants to activity in the 
nuclear fraction. 


Association between aldolase and nuclei 


The striking correlation between the distribution 
of aldolase and nuclei after centrifuging in the 
graded medium and the observations that the most 
likely forms of contamination do not contribute 
greatly to aldolase in the nuclear fraction make it 
possible to state that aldolase assays carried out on 
nuclear fractions prepared by the method of 
Hogeboom et al. (1952) mainly measure the activity 
of the nuclei present. A more detailed study of the 
significance of this association between nuclei and 
aldolase is presented in the next paper (Roodyn, 
1956). 


Percentage of 


total N in total aldolase in Relative 
homogenate homogenate conen. 

89-0 49-0 

9-5 27-6 2-90 
98-5 76-6 
88-0 90-5 

10-6 7-2 0-68 
98-6 97-7 

SUMMARY 


1. An attempt has been made to determine 
whether the succinoxidase and aldolase activities of 
rat-liver nuclear fractions are due to the nuclei 
themselves or to contaminant material. 

2. The succinoxidase activity of nuclear fractions 
prepared by the method of Hogeboom e¢ al. (1952) 
was only 1-5 % of the total in the homogenate and 
was only slightly higher than the percentage of 
unbroken liver cells in the nuclear fraction. Centri- 
fuging the nuclear fraction in a medium of graded 
sucrose concentration revealed a complete absence 
of correlation between the distribution of succinoxi- 
dase and of nuclei along the length of the centrifuge 
tube. 

3. In thirty-seven fractionations by the method of 
Hogeboom eé al. (1952) the nuclear fraction carried 
on the average 12-5 % of the total aldolase activity 
of the liver homogenate, the enzyme being 1-44 
times as concentrated in the nuclear fraction as in 
the original whole tissue. 

4. The aldolase activity of seven different 
nuclear fractions was always greater than the 
succinoxidase and bore no constant relation to it. 

5. Evidence is presented that it is unlikely that 
fibrous material, erythrocytes, cytoplasmic particles 
and insufficient washing of the nuclei contribute 
significant amounts to the aldolase observed in the 
nuclear fraction. 

6. When the nuclear fraction was centrifuged in 
a medium of graded sucrose concentration a close 
correlation was observed between the distribution of 
nuclei and of aldolase along the length of the centri- 
fuge tube. No correlation was observed between the 
distribution of unbroken liver cells and aldolase. 

7. It is concluded that the succinoxidase 
activity observed in the nuclear fractions was due to 
contaminant material, but that the aldolase was 
associated with the nuclei. 
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The Enzymic Properties of Rat-liver Nuclei 
2. FACTORS AFFECTING THE ALDOLASE ACTIVITY OF RAT-LIVER NUCLEI 


By D. B. ROODYN* 
Department of Biochemistry, University of Cambridge 


(Received 1 February 1956) 


It was established in the previous paper (Roodyn, 
1956) that rat-liver nuclei prepared in sucrose— 
calcium chloride media possess aldolase activity, but 
that the amount recovered in the nuclear fraction in 
different experiments was very variable, although 
apparently the same method of isolation of the 
nuclei had been used. During the course of an 
investigation into the origins of this variability 
certain effects were found to produce changes in the 
aldolase activity of the nuclei. 


METHODS 


Maleate buffers. These were prepared by the neutralization 
with N-NaOH of boiled solutions of maleic anhydride. The 
buffers were brought to the required ionic strength by 
adding NaCl. 

Preparation of nuclei. Unless indicated otherwise, nuclear 
fractions were prepared by the method of Hogeboom, 
Schneider & Striebich (1952) carried out as described 


Medical Research Council Radio- 
biological Research Unit, Atomic Energy Research 
Establishment, Harwell, Didcot, Berks. 


* Present address: 


previously (Method 1 of Roodyn, 1956). All other methods, 
materials and terms used were as described previously 
(Roodyn, 1956). 


RESULTS 
Effect of method of cell breakage 


Pretreatment of the liver by forcing it through a 
Latapie mincer caused some fall in activity. 
(Unminced liver gave anuclear fraction with aldolase 
activity of 52-1 units/mg. of N while minced liver 
from the same rat gave a nuclear fraction with an 
activity of 46-2 units/mg. of N.) A similar effect was 
observed by Hogeboom & Schneider (1952) with 
the diphosphopyridine nucleotide-synthesizing 
enzyme. 

The time of homogenization in the Potter- 
Elvehjem apparatus was not very critical. Treat- 
ment for 6sec. gave a nuclear fraction with a 
relative concentration [see Roodyn (1956) for a 
definition of this term] of 0-75; a further 24 sec. 
caused this to fall to 0-63 and the same activity was 
obtained with up to 4 min. homogenization of the 
liver. 
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Effect of treatment of homogenate with Waring Blendor on distribution of aldolase in cell fractions 


Both homogenates were fractionated by Method 1 (Roodyn, 1956) and are from the same liver. Values in cols. 2 and 3 
are given for the amount of homogenate that contained 1 mg. of N or for the amount of fractions derived from this. 
Figures in parentheses are percentages of value for appropriate homogenate. HDP, Hexose diphosphate. 


Treatment Fraction 
Homogenate 
Supernatants 
Nuclear fraction 


Recovery 


Potter-Elvehjem homogenizer 


Homogenate 
Supernatants 
Nuclear fraction 


Recovery 


Potter-Elvehjem homogenizer 
followed by Waring Blendor 


18 


= 
Nn 


2 
a 


Relative conen. of aldolase in nuclear fraction 


10 20 30 40 50 60 
Concn. of suspension (g. of liver/100 ml.) 


Fig. 1. Effect of concentration of liver suspension during 
cell breakage. O, Expt. 1: the three homogenates used 
were from the same liver and had aldolase activities 
of 27-6, 23-3, and 27-6umoles of hexose diphosphate/ 
hr./mg. of N. After homogenization all homogenates 
were diluted to 10% (w/v) for fractionation by Method 1 

relative concentrations 
calculated from aldolase activity of the 20% (w/v) homo- 
genate, which was 24-9umoles of hexose diphosphate/ 
hr./mg. of N. Suspensions were prepared from liver 
mince. 


The concentration of the liver suspension at the 

ft moment of homogenization was more important 
(Fig. 1), and it appeared from two experiments that 
in order to obtain maximum aldolase activity in the 
nuclear fraction one has to use an optimum concen- 


24 


Aldolase activity Aldolase 
Nitrogen (umoles of activity/mg. Relative 

(mg.) HDP/hr.) of N concen. 
1-00 31-5 — — 
0-901 19-8 (62-9) — — 
0-078 7-22 (23-0) 92-9 2-95 
0-979 (85-9) = — 
1-00 29-0 — — 
0-895 26-6 (91-9) — — 
0-064 2-46 (8-5) 38-5 1-33 
0-959 (100-4) —_ — 


traction of liver suspension (about 25 %, w/v) during 
cell breakage. However, there is a wide difference in 
the range of aldolase activity observed in the two 
experiments, so that it is clear that some other 
effects must operate. 

The use of a Waring Blendor produced a large 
difference in the distribution of enzyme (Table 1). 
Treatment for 30sec. was given in an instrument 
fitted with a plastic head cooled by an ice bath. The 
machine was run for three intervals of 10 sec. with 
a pause for 2 min. between each blending. The 
temperature of the homogenate did not rise signifi- 
cantly. Deoxyribonucleic acid analyses on the two 
fractions showed that the yield of nuclei was almost 
the same in both. It can be seen that relatively 
short treatment of the homogenate with a Waring 
Blendor caused the total enzyme recovered in the 
nuclear fraction to fall from 7-22 to 2-46 units, 
which is equivalent to a loss of 66 %. 


Effect of delaying the fractionation procedure 


Preliminary experiments indicated that delay in 
starting the fractionation after preparation of the 
homogenate had an effect on the aldolase recovered 
in the nuclear fraction. However, the effect was not 
reproducible in its extent nor in its direction, since 
sometimes a 30 % increase in relative concentration 
was observed if the first centrifuging was delayed for 
15 min., and sometimes a 15 % fall was seen. It was 
possible that this effect was associated with altera- 
tions in the pH of the homogenate at 0° since it was 
found (Fig. 2a) that the pH first fell, then remained 
stable for a variable period, and then rose. 

This view was confirmed by simultaneous deter- 
minations of the pH of the homogenate and of the 
aldolase activity of nuclei derived from the homo- 
genate at different times (‘Table 2 and Fig. 26). There 
is a reasonable correlation between the fall in 
activity in the nuclear fraction and the rise in pH of 
the homogenate, although it must be stressed that 
the time scale of the experiment is based on the 
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arbitrary assumption that the bulk of the super- 


natant has been separated by the end of the second 
sedimentation. 





Effect of pH of the isolation medium 


Nuclei were isolated from homogenates that had 
been buffered with dilute maleate buffers. The pH 
range chosen was similar to that observed in un- 
buffered homogenates (Fig. 2a). (Serious clumping 
of particulate material into the nuclear fraction 
occurred at pH 5-75.) It can be seen from Table 3 
that raising the pH of the homogenate from 5-75 to 
6-75 caused the enzyme recovered in the nuclear 
fraction to fall from 31-1 to 5-2% of the total. It 
may be noted that this range of activities is very 
similar to the previously observed variation in 
nuclear aldolase activity (Roodyn, 1956). 

The reversibility of the pH effect was studied by 
isolating nuclei from homogenates at pH 6-0 and 
6-85 and then resuspending them in, and reisolating 
them from, each other’s supernatants. In each case 
(Table 4) the nuclei, on reisolation, gained or lost 
about 33 % of the initial difference between them. 
This experiment once more confirmed the direction 
of the pH effect since (a) the initial fractionation at 
pH 6-0 gave a nuclear fraction with about twice the 
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pH of homogenate 
~) 
=) 


- 
© 


Relative concn. 


66 
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0 
10 30 50 70 90 
Time after homogenization (min.) 


Fig. 2. Variation in pH of homogenates in 0-25mM sucrose- 
0-0018m-CaCl, at 0°, and in aldolase of nuclei. (a) A, A, 
Rats fed for 15 hr. before death; x , rat starved for 24 hr. 
before death. (b) @, pH of liver homogenate; O, relative 
concentration of nuclear aldolase. (See Table 2 for 
details of the fractionation.) 


Table 2. Effect of leaving nuclei in presence of homogenate before isolation 


Samples of homogenate were taken for fractionation after increasing times at 0°. It was assumed that the nuclei were 


freed from the bulk of the supernatant at the end of the second centrifuging. Results in cols. 4 and 5 are given for that | 
amount of homogenate that contains 1 mg. of total nitrogen or for the amount of fraction derived from this. Figures in | 


parentheses give values as percentage of that for homogenate which had an aldolase activity of 27-2 zmoles of hexose 


diphosphate (HDP)/hr./mg. of N. 


Time between 


homogeniza- 
tion and 
removal of 
second Aldolase activity Aldolase 
Fractiona- supernatant Nitrogen (umoles of activity/mg. Relative 
tion (min.) Fraction (mg.) HDP/hr.) of N concen. 
1 20 Supernatants 0-910 21-7 (80-0) — _— 
Nuclei 0-098 5-30 (19-6) 54-0 1-98 
Recovery 1-008 (99-6) 
2 32 Supernatants 0-915 24-4 (90-0) — a= 
Nuclei 0-0885 2-79 (10-3) 31-5 1-16 
Recovery 1-003 (100-3) 
3 55 Supernatants 0-895 23-1 (85-0) — — 
Nuclei 0-087 2-41 (8-9) 27°8 1-02 
Recovery 0-982 (93-9) 
4 75 Supernatants 0-935 24-7 (90-5) _— _ 
Nuclei 0-0795 1:59 (5-9) 20-0 0-73 
Recovery 1-015 (96-4) 
5 90 Supernatants 0-918 24-0 (88-0) — _— 
Nuclei 0-0795 1-78 (6-55) 22-4 0-82 
Recovery 0-998 (94-5) 
6 102 Supernatants 0-918 24-6 (90-5) — — 
Nuclei 0-0815 1-78 (6-55) 21-9 0-81 
Recovery 0-999 (97-0) 
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Table 3. Effect of pH of isolation medium on aldolase activity of nuclear fraction 


Values in cols. 5 and 6 are given for that amount of homogenate that contains 1 mg. of total nitrogen or for the amount 
of fraction derived from this. Figures in parentheses are percentage of value for the appropriate homogenate. Fractiona- 
tion as in Method 1 (Roodyn, 1956) except that all media were 0-005m with respect to maleate buffer and were adjusted to 
an ionic strength of 0-017. All homogenates were prepared from the same liver. 


Aldolase activity Aldolase 
Fraction- pH of pH of Nitrogen (umoles of activity/mg. Relative 
ation medium homogenate Fraction (mg.) HDP/hr.) of N concn. 
1 5-70 5°75 Homogenate 1-00 23-1 —_ — 
Supernatants 0-575 11-9 (51-4) — — 
Nuclear fraction 0-398 7-19 (31-1) 18-0 0-78 
Recovery 0-973 (82-5) 
2 5-95 6-00 Homogenate 1-00 24-5 — — 
Supernatants 0-888 19-4 (79-1) — — 
Nuclear fraction 0-109 4-82 (19-7) “2 1-81 
Recovery 0-997 (98-8) 
3 6-40 6-42 Homogenate 1-00 24-0 — — 
Supernatants 0-88 21-5 (89-5) _: — 
Nuclear fraction 0-082 2-4 (10-0) 29-3 1-22 
Recovery 0-962 (99-5) 
+ 6-72 6-75 Homogenate 1-00 28-0 — — 
Supernatants 0-90 26-0 (92-8) _— —_ 
Nuclear fraction 0-07 1-45 (5-2) 20-7 0-74 
Recovery 0-97 27-4 (98-0) 





Table 4. Partial reversibility of effect of pH of homogenate on nuclear aldolase activity 


Homogenates (25%, w/v) were prepared from the same liver, with the addition of 0-005m maleate buffer at the appro- 


priate pH to all media. In other respects, fractionation was by Method 1 (Roodyn, 1956). Nuclei were isolated and re- 
suspended in supernatants from opposite fractionation. They were reisolated by Method 1. Results in col. 2 are for the 


amount of nuclei derived from 1 ml. of the appropriate homogenate. 
Aldolase as 


Aldolase activity percentage of 


(umoles of total in Percentage reversal 
HDP/hr.) homogenate of pH effect* 
Nuclei prepared at pH 6-0 2-80 10-0 _ 
Nuclei prepared at pH 6-85 1-25 4-7 _- 
Difference 1-55 _— _ 
Nuclei prepared at pH 6-0 2-29 _— — 
and reisolated at pH 6-85 
Activity lost from these 0-51 -— 32-6 
nuclei on reisolation 
Nuclei prepared at pH 6-85 1-79 — _— 
and reisolated at pH 6-0 
0-54 _— 34-9 


Activity gained by these 
nuclei on reisolation 


* Reversal is 100% if nuclei gain or lose 1-55 units. 


activity of that obtained at pH 6-85, (6) nuclei 
prepared at a low pH lost activity on reisolation at 
a higher pH and (c) nuclei prepared at the higher pH 
gained activity on reisolation at a lower pH. 


Redistribution of enzyme during 
fractionation procedure 


In some of the fractionations satisfactory re- 
covery of enzyme (98-0—100 %) made it possible to 
observe that alterations in nuclear activity occurred 


in parallel with equal and opposite alterations in 
activity in the supernatants. Thus for four pairs of 
fractionations the loss in activity in the nuclear 
fractions was 9-3, 9-7, 4-8 and 5-3% of the total 
activity in the homogenate, and the rise in activities 
in the supernatants was 10-0, 10-4, 3-2 and 5-1%, 
respectively. Unfortunately such analyses could 
not always be made when the most striking effects 
were observed, since very high activities in the 
nuclear fraction were often associated with poor 
recovery of enzyme. 
24-2 








There is other evidence to suggest that the total 
amount of enzyme in the system remains constant. 
In nearly forty fractionations by Method 1 a total 
recovery of enzyme greater than 103% was never 
found, indicating that high activities in the nuclear 
fraction were not caused by activation of the nuclei 
after they had been isolated. In one fractionation it 
was found that the aldolase activity of the homo- 
genate, supernatants and nuclear fraction were 
virtually stable at 0° for up to 6 hr. after they were 
obtained. (In Method 1 all fractions were estimated 
at the same time, within 1|--2 hr. after the death of 
the rat.) It is also unlikely that the total activity in 
the system increases during the time involved in 
filtering and layering the homogenate, since the 
latter had a constant activity at 0° between 6 and 
30 min. after the death of the rat. 


Variation in nitrogen content of nuclear fractions 


There are indications that other nitrogen-con- 
taining material has followed the observed alteration 
in nuclear aldolase activity. Parallel but smaller 
changes were observed in the nitrogen content of the 
nuclear fractions on several occasions that changes 
in aldolase occurred. Table 2 shows that a delay of 
fractionation of 55 min. (fractionations1—4) resulted 
in a decrease in nuclear aldolase activity of 3-71 
units, and in parallel with this the nitrogen content 
of the nuclear fraction fell by 0-0185 mg. Hence the 
specific activity of the material lost was 201 pmoles 
of hexose diphosphate/hr./mg. of N. Liver aldolase 
has not yet been purified but purified muscle 
aldolase had a specific activity of about 100 times 
this value in the assay system used. Also, it was 
calculated that if the changes in nitrogen content of 
the nuclei were due to changes in aldolase alone, and 
if the activity per mg. of N of aldolase left in the 
nuclei was the same as that lost, then 27 % of the 
nitrogen in the first nuclear fraction (fractionation 
no. 1 in Table 2) would be aldolase nitrogen. This 
seems unlikely. 


DISCUSSION 


The first paper (Roodyn, 1956) demonstrated some 
of the necessary precautions to be taken before it 
could be said that an observed activity in a cell 
fraction was associated with the major component 
of that fraction. The work presented in this paper 
illustrates that this association is by no means 
sufficient evidence to claim that the activity of an 
isolated component is a measure of its true activity. 
The most disturbing observation was the alteration 
in activity caused by delaying the fractionation for 
relatively short times. In particular, the large 
redistribution of enzyme occurring in a 12-min. 
delay at 0° (Table 2) makes it very difficult to say 
what was the initial distribution of enzyme. The 
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results suggest that the pH fluctuations in the 
homogenate are associated with the enzyme re- 
distribution, and it is clear that valid enzyme 
studies on isolated nuclei require the use of buffered 
isolation media. [Such media have been described 
by Wilbur & Anderson (1951), Maver, Greco, 
Lovtrup & Dalton (1952) and Philpot & Stanier 
(1956).] Although acid formation in homogenates 
is well known (Duve & Berthet, 1954), the author 
has not seen any report of the observed secondary 
rise in pH, and its origin is not obvious. 

The study of different conditions of cell breakage 
in the Potter—Elvehjem apparatus suggests that the 
state of suspension of the liver is more important 
than the actual time of treatment. The effect is 
confirmed by the observation of Palade (1951) that 
cell rupture is more efficient with more concentrated 
homogenates. The optimum concentration of sus- 
pension observed may be that required to break the 
maximum number of cells without causing ex- 
cessive damage to the nuclei. The effect of the Waring 
Blendor may have been directly on the nuclei, 
causing them to release aldolase, or may have been 
indirect. In this respect Dounce, Witter, Monty, 
Pate & Cottone (1955) have recently reported that 
mitochondria contain an enzyme which is released 
when they are damaged and which prevents nuclei 
from forming gels in alkali, the latter property being 
regarded by these authors as an index of integrity 
of the nucleus. Similarly, Philpot & Stanier (1956) 
have shown that protection of the lysosomes 
(Duve, Pressman, Gianetto, Wattiaux & Appelmans, 
1955) present in the homogenate prevents damage to 
the nuclei. 

The results reported above bear some relation to 
the problem of whether nuclei lose a soluble protein 
component if they are isolated in aqueous, rather 
than organic, media (cf. Allfrey, Stern, Mirsky & 
Saetren 1952; Stern & Mirsky, 1953; Kay, Smellie, 
Humphrey & Davidson, 1956). First, with aldolase 
aqueous media do not per se result in the complete 
washing out of enzyme; on some occasions nuclei 
with a relative concentration of about 3 were ob- 
tained in the sucrose media used. Secondly, the 
influence of the mechanical methods of cell breakage 
discussed above suggests that, if the nuclei are 
isolated from liver broken in the mildest manner, it 
might be possible to obtain quite high aldolase 
activities. The results with aldolase may, therefore, 
be analogous to the findings of Hogeboom & 
Schneider (1952) that mechanical damage to the 
nuclei can cause a release of the diphosphopyridine 
nucleotide-synthesizing enzyme from them. It 
would be of great interest to know whether the 
variable component of liver nuclei studied above 
included the diphosphopyridine nucleotide-syn- 
thesizing enzyme and whether it corresponded to a 
protein fraction that could be extracted from iso- 
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lated nuclei. The author has observed that 90-95 % 
of the total nuclear aldolase could be extracted with 
0:15M-NaCl, and Kirkham & Thomas (1953) have 
reported a globulin fraction readily extracted with 
0-14m-NaCl from nuclei isolated in organic solvents, 
the fraction comprising 30-50 % of the dry weight 
of the nuclei. 

Until more is known of the nature of the binding 
between aldolase and nuclei, and until protein 
redistribution can be prevented (at least after the 
homogenization process) by the use of better 
isolation media, it cannot be categorically stated 
that aldolase is a true component of liver nuclei. 


SUMMARY 


1. A study has been made of factors affecting the 
aldolase activity of rat-liver nuclei. 

2. The method of homogenization affected 
nuclear aldolase. Treatment of the homogenate with 
a Waring Blendor for 30 sec. resulted in a 66 % fall 
in the total enzyme recovered in the nuclear 
fraction. 

3. Delay in isolating the nuclei after the pre- 
paration of the homogenate resulted in alterations 
in nuclear activity. In one fractionation a delay of 
12 min. resulted in the loss of 47% of the nuclear 
enzyme. The fall in activity was coincident with a 
rise in pH of the homogenate. 

4. Isolation of nuclei from weakly buffered 
homogenates showed that the aldolase activity of 
the nuclear fraction was greatly affected by the pH 
of the homogenate, a nuclear fraction obtained at 
pH 6-0 having 3-3 times the activity of one isolated 
at pH 6-75. 

5. Alterations in nuclear activity were due to a 
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redistribution of enzyme between nuclei and super- 
natants and not to activation or inactivation. 

6. Indirect evidence suggested that the effects 
observed with aldolase applied to other nitrogen- 
containing materials. 

7. It is concluded that the aldolase activity of 
isolated nuclei is greatly affected by the method of 
isolation of the nuclei. 


The author would like to thank Dr M. Dixon, F.R.S., and 
Dr E. C. Webb for helpful advice and criticism, and also the 
Medical Research Council for a research grant given during 
the course of this work. 
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The Use of Radioactive Carbon Dioxide in the Measurement 
of Carbon Dioxide Fixation in Rhodospirillum rubrum 


By J. G. ORMEROD* 
Department of Microbiology, The University, Sheffield 


(Received 14 March 1956) 


The Athiorhodaceae utilize a wide variety of 
organic compounds for growth. Light is essential 
for anaerobic growth, but most of these organisms 
will grow in the dark in the presence of oxygen. 
Growth in the light is dependent on chlorophyll. 
According to the hypothesis of van Niel (1941, 1944, 
1949) the primary light reaction in the photo- 
synthetic bacteria is the same as that in green plant 
* Present address: Department of Biochemistry, The 
Technical University of Norway, Trondheim, Norway. 


photosynthesis and involves the splitting of water 
with the formation of a reduced component and an 
oxidized component. The former is thought to 
reduce carbon dioxide, presumably in the form of 
1:3-diphosphoglyceric acid (Bassham eé al. 1954), 
whereas the oxidized component is the terminal 
acceptor in the oxidation of the substrate. In the 
light most of the organic substrate is assimilated as 
was shown by van Niel (1944). Gaffron (1933, 1935) 
was the first to use manometric methods for the 
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study of the photometabolism of organic compounds 
by washed suspensions of these organisms. He 
found that with substrates more reduced than cell 
material there was a fixation of carbon dioxide, the 
amount fixed depending on the state of reduction of 
the substrate. In substrates more oxidized than cell 
material there was an output of carbon dioxide. 
Van Niel (1944) has made similar observations. 

It is more than likely that carbon dioxide pro- 
duction and carbon dioxide assimilation go on 
simultaneously in the light, and this means that it is 
impossible, with only manometric methods, to 
obtain figures for the absolute amount of carbon 
dioxide produced or assimilated; the best one can 
hope for with this method is figures for net produc- 
tion or net assimilation. C-Labelled carbon 
dioxide offers a possible solution to this difficulty, 
and Cutinelli, Ehrensvird, Reio, Saluste & Stjern- 
holm (1951) have shown that when Rhodospirillum 
rubrum is grown in the light upon acetate and “CO, 
some 10% of the cell carbon is derived from the 
carbon dioxide. Even this method is not without 
objection, for exchange reactions involving carbon 
dioxide may well occur without any increase in the 
total carbon of the system. 

For an understanding of the part played by 
carbon dioxide in the photometabolism of these 
organisms it seemed worth while to attempt to 
measure the amount of carbon dioxide fixed with 
4CO,, and to compare the results with those ob- 
tained by the manometric method. 


MATERIALS AND METHODS 


Organism and cultural procedure 


The organism used was Rhodospirillum rubrum strain SI, 
from the collection of Dr C. B. van Niel, Hopkins Marine 
Station, Pacific Grove, California, U.S.A. 

The maintenance of the organism and the preparation of 
inocula have already been described (Elsden & Ormerod, 
1956). For use in experiments the organism was grown 
on a DL-malate-(NH,),SO,-yeast extract-salts medium 
(Elsden & Ormerod, 1956) and harvested after growth for 
40-45 hr. at 25° in the light cabinet. Cells grown ona similar 
medium containing 0-4% (w/v) of sodium pt-lactate and 
0-3 % (w/v) of NaHCO,, or on 5% (v/v) of yeast autolysate 
(Barker & Beck, 1942), were used for experiments involving 
DL-lactate or propionate as substrates. 

Preparation of washed suspensions. Washed suspensions 
containing 5 mg. dry wt. of cells/ml. in 0-0049mM-NaHCO, 
were prepared as previously described (Elsden & Ormerod, 
1956). 

Substrates 


All organic acids were used as solutions of their sodium 
salts. The succinic acid, pi-lactic acid, and sodium acetate 
were A.R. grade. Crystalline sodium pyruvate was pre- 
pared from crystalline pyruvic acid by the method of 
Robertson (1942). The propionic and butyric acids were 
purified by distillation (b.p.’s 141° and 161° respectively). 
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Sodium L-malate and fumarate were prepared from the 
commercial acids obtained from Light and Co., Colnbrook, 
Bucks. A solution of radioactive Na,CO, was prepared from 
Ba'CO, obtained from the Radiochemical Centre, Amer- 
sham, Bucks, and diluted with inactive carrier Na,CO, as 
required. 

General analytical methods 


Volatile fatty acids. These were estimated by steam- 
distillation in the Markham still (Markham, 1942) and 
titration of the distillate with CO,-free 0-01N-NaOH in a 
stream of CO,-free air. 

Pyruvic acid. This was estimated by the carboxylase 
method of Westerkamp (1933); the carboxylase preparation 
was stable for at least 3 months if stored at — 20°. 

Lactic acid. This was determined by the ceric sulphate 
method of Elsden & Gibson (1954). 


Methods used with radioactive materials 


Preparation and assay of radioactive samples. Single 
organic compounds were assayed for “C activity after 
oxidation to CO, with the combustion mixture of Van Slyke 
& Folch (1940). The CO, was absorbed in CO,-free 3n-NaOH 
and precipitated as BaCO, by the method described below, 
which is a modification of that published by Henriques 
Kistiakowsky, Margnetti & Schneider (1946). The modifica- 
tion is due to the Radiation Committee of Western Reserve 
University, Cleveland, Ohio, U.S.A., and was introduced 
into this laboratory by Dr H. J. Saz. The filtration assembly 
was essentially that described by Henriques et al. (1946). 
A tared filter paper (Whatman no. 40) was placed on the 
sintered-glass disk and the stainless-steel collar fitted over 
this and held in position by two springs. An excess (approx. 
2 ml.) of CO,-free 5% (w/v) BaCl, solution was run into the 
well over the filter paper, and the sample solution containing 
carbonate equivalent to 10-15 mg. of BaCO,, diluted, if 
necessary, with inactive carrier (0-10 M-Na,CO,), was added 
slowly from a pipette. The pH of the solution was always 
greater than 10. The precipitate of BaCO, was filtered on to 
the paper by suction, and formed a uniform circular deposit 
19 mm. in diameter. This was washed successively with CO,- 
free water, 50% (v/v) aqueous acetone and acetone. The 
paper was then removed from the filtration assembly and 
dried by placing under a 250 w infrared lamp at a distance of 
22 in. for 1-5 min. The paper was then left at room temp. for 
1-2 hr. to equilibrate with the moisture of the air, reweighed 
and the weight of BaCO, calculated. The paper disk bearing 
the sample was then mounted on a brass block (Henriques 
et al. 1946) and the radioactivity measured with a Geiger- 
Miller end-window counter. The activity was corrected for 
background and self absorption and the radioactivity is 
expressed as counts/min. at infinite thinness. Stock solu- 
tions of Na,CO, were assayed by the same method. 

The total radioactivity of bacterial suspensions was 
measured directly (Calvin, Heidelberger, Reid, Tolbert & 
Yankwich, 1949) by delivering 0-05 ml. of the well-mixed, 
acidified suspensions on brass disks from an Agla micro- 
meter syringe. (Burroughs, Wellcome and Co., London). 
The disks measured 25-0 mm. in diameter and were 1-3 mm. 
thick. A circular groove of internal diameter 19-0 mm. and 
0-25 mm. deep was cut into the surface of each disk. The 
suspension on the disk was neutralized by adding the 
required amount of CO,-free 0-01N-NaOH from a micro- 
meter syringe and the mixture spread evenly over the entire 
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surface of the disk within the groove with a bent nichrome 
wire, cleaned before use by flaming. It was found that the 
procedure used for decontaminating the disks (5-10 min. in 
chromic acid cleaning fluid followed by thorough washing 
with water and drying on filter paper) ensured even spreading 
of the suspension. The disks were then placed under a 
250w infrared lamp at a distance of 12 in. to dry; the time 
required for complete drying was about 7 min. 

The same geometry was used when counting these 
samples as when counting BaCO,. With this technique, the 
dried layer of radioactive material was about 0-2 mg./cm.? 
thick. When counting such thin layers the corrections for 
self-absorption are small by comparison with other errors in 
the procedure, and can be neglected (cf. Calvin et al. 1949). 
The values obtained by this method compared favourably 
with those obtained by oxidizing the cell suspension as 
described above and counting as BaCO, (Table 1). The 
standard error of the counts in Tables 2-4 was, in the 
majority of cases, less than 3%, and in no case greater than 
5%, 

Isolation of propionic acid. The acidified suspension was 
centrifuged and the cells were discarded. A sample of the 
supernatant containing about 30 umoles of propionate was 
steam-distilled in the Markham apparatus and the distillate 
titrated with CO,-free 0-01 N-NaOH in a stream of CO,-free 
air. Propionic acid was separated from the distillate by 
chromatography on Celite buffered with 2m phosphate at 
pH 6-5 (Bueding & Yale, 1951). The column was developed 


Table 1. Comparison of radioactivity of cell 
suspensions with different assay procedures 


Radioactive cell material was obtained in duplicate 
experiments by incubating cell suspensions in the light in 
the presence of “CO,, with and without substrate. Cups 
with double-side bulbs contained in the main compartment 
2-0 ml. of washed suspension of cells (5 mg. dry wt./ml.) 
in 0-0049mM-NaHCO,, and 0-8 mi. of water. The first side 
bulb contained 0-05 ml. of 0-483M-Na,CO, (220 x 10* 
counts/min.) together with 0-16 ml. of water, and the 
second contained 0-2 ml. of 0-05m substrate solution 
(fumarate or L-malate). After gassing with O,-free N,, 
0-04 ml. of 10N-H,SO, was injected into the carbonate 
solution in the first side bulb and after 30 min. equilibra- 
tion in the dark, the substrate was tipped and the lights 
were switched on. When all the substrate had disappeared, 
acid from the side bulb was tipped in cups both with and 
without substrate, and the concentrations of NaHCO, 
were measured. The manometers were then flushed to 
remove residual CO, and the radioactivity of the cell 
suspensions was assayed both by oxidation to CO, and as 
BaCO,, and by direct plating on brass dises. 


Counts/min./manometer cup 





——— ae . Duration 
Counted Counted direct of expt. 
Substrate as BaCO, after drying (min.) 
L-Malate 66 500+ 710 67 500+ 670 265 
67 200+ 720 67 000 + 666 
Fumarate 42 560-322 42 900+ 542 191 
43 720+322 42 400 +534 
None 24 200+ 226 24 300+410 191 


24 750+419 
24 600+410 


24 520+ 230 
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by the addition of CHCl, containing increasing concentra- 
tions of n-butanol, and the fractions were titrated in a 
stream of CO,-free air with CO,-free 0-01n-NaOH. The 
fractions containing propionate, which was the only acid 
present in detectable amounts, were pooled and the aqueous 
layer containing the propionate was separated and steam- 
distilled. The distillate was titrated, evaporated to dryness 
and oxidized, and the CO, converted into BaCO, and counted 
as described above. 

Isolation and degradation of succinic acid. A portion of the 
acidified suspension was centrifuged and 1-0 ml. of the 
supernatant, containing approximately 10pumoles of 
succinic acid, was extracted with ether for 2hr. in a 
Kutscher-Steudel extractor. To the ether extract was added 
1-0 ml. of water, and the ether was removed by evaporation. 
The pH of the aqueous extract was adjusted to less than 
2 with 2n-H,SO,, and separation of succinic acid from this 
solution was carried out by chromatography on a Celite 
column (Swim & Krampitz, 1954). The fractions containing 
succinate were pooled and the aqueous layer was separated 
and evaporated to dryness. The residue was made up to 
3-0 ml. with water, and 1-0 ml. of this solution was dried 
and the product oxidized; the CO, so obtained was con- 
verted into BaCO, and counted. 

A second portion of the succinate solution was converted 
into propionate and CO, by a suspension of Veillonella 
gazogenes (Swim & Krampitz, 1954). The strain used was 
isolated from saliva by the procedure of Johns (1951 a). The 
decarboxylation was carried out under the conditions 
specified by Johns (19516) in a Warburg manometer with 
a double side- bulb cup, one side bulb of which was fitted with 
a gassing vent to facilitate removal of the CO, produced by 
decarboxylation. The main compartment of the manometer 
vessel contained the sample to be decarboxylated (1-0 ml.), 
together with 1-75 ml. of 0-1 mM potassium phosphate buffer, 
pH 5-8. The bacterial suspension (0-5 ml.) was placed in one 
side bulb and 0-2 ml. of 2N-H,SO, in the other. A control 
cup was run containing 1-0 ml. of water in place of succinate. 
The manometers were gassed with O,-free N,. When the 
reaction was complete the manometer was removed from 
the bath and an absorption vessel containing CO,-free 
3n-NaOH was connected to the vented stopper. The mano- 
meter was flushed with CO,-free air for 35 min., which 
experience had shown was sufficient to remove all the CO,. 
The CO,, which had been trapped in 3N-NaOH, was con- 
verted into BaCO, and counted. The acidified suspension was 
then removed from the manometer and the propionate, the 
other product of the decarboxylation, separated by steam- 
distillation. The distillate was titrated with CO,-free 
0-01N-NaOH, evaporated, and the residue so obtained 
oxidized and the CO, converted into BaCO, and counted. 
Since succinate behaves as a symmetrical molecule in this 
system it is possible to measure the radioactivity of the 
succinate carboxyl groups. The activity in the methylene 
carbons of the succinate is estimated by difference. 

Manometric procedure. Gaseous exchange was measured 
in Warburg manometers which had stopcocks fitted to the 
left-hand limb. Cups of special design with double side 
bulbs were used. The first side bulb was provided with a By) 
socket which was closed with a B,) cone to which was fused 
a capillary stopcock (1 mm. bore). The second side bulb had 
an outlet into which could be fitted a turnover-type rubber 
stopper (Wm. Freeman and Co. Ltd., Subaseal Works, 
Barnsley, Yorks). Substrates (0-2 ml.) were placed in the 
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first side bulb and 0-16 ml. of water was placed in the second 
together with 0-05 ml. of Na,"4CO, solution, added from a 
micrometer syringe. The rubber stopper was then fixed into 
place. The total volume of bacterial suspension plus sub- 
strate was 3-0 ml., and the concentration of bicarbonate was 
0-00326 M as measured by acidification in a separate mano- 
meter. The concentration of the Na,!CO, solution used was 
determined in a similar manner and found to be 0-483. 
Thus the initial CO, content of the manometers was 
33-9 umoles. The Warburg bath used was that described by 
Elsden & Ormerod (1956). The manometers were placed in 
the bath (temp. 30°), gassed with O,-free N, for 4 min., and 
after equilibration the levels of the manometric fluid were 
set high in the right-hand limb and low in the left. The 
stopcock on the left-hand limb of the manometer was closed 
to prevent movement of the manometric fluid, the mano- 
meters were removed in turn from the bath and 0-04 ml. of 
10N-H,SO, was injected into the side bulb containing the 
radioactive Na,CO;, through the rubber stopper with a 
micrometer syringe. This amount of acid was sufficient for 
both liberation of CO, from the carbonate solution and 
acidification of the cell suspension at the end of the experi- 
ment. The manometers were then replaced in the bath and 
shaken in the dark until all pressure changes had ceased 
(30 min.). The stopcock on the left-hand limb of the mano- 
meter was opened and the level of the manometric fluid in the 
left-hand limb was then suitable for measuring gas uptake. 
The substrate was tipped and the lights were turned on. 
Parallel manometers to record the endogenous metabolism 
were set up in the same manner but with the substrate 
solution replaced by water. 

Disappearance of substrate was followed by measuring 
pressure changes, and when all the substrate had been 
metabolized (indicated by a sharp break in the CO,-uptake 
curve), the excess of acid was added from the side bulb and 
the final bicarbonate concentration measured. The final 
bicarbonate concentration in the cup without substrate was 
measured at the same time. In certain cases the reaction was 
stopped before all the substrate had been utilized, and the 
concentration of the substrate remaining was estimated. 
When equilibrium was again reached (10-15 min.) the 
stopcock on the left-hand limb of the manometer was closed 
and the manometers were removed from the bath unopened. 
An absorption vessel containing 4-0 ml. of CO,-free 3Nn- 
NaOH was connected to the stopcock on the side arm. The 
manometer was then flushed for 35-40 min. with CO,-free 
air, with frequent shaking during the flushing period. The 
CO, trap was then removed and the manometers were 
flushed with N, + CO, (95:5) to wash out the last traces of 
14C0, . The alkaline solution containing the CO, from the gas 
phase was diluted with water and 0-10M-Na,CO, solution, 
converted into BaCO,, and counted. The radioactivity of 
the cell suspensions was measured directly as described 
above. 

Calculation of results from manometric and isotope data. 
The pressure changes occurring when the sodium salt of an 
organic acid is metabolized in the light by suspensions of 
Rsp. rubrum in bicarbonate-CO, buffer are the result of 
three processes: (a) binding of CO, by the buffer due to 
removal of anions (the increase in bicarbonate resulting 
from this process can be measured by acidification); 
(5) fixing of CO, by photosynthesis; (c) production of CO, as 
a result of oxidation of the substrate; since with many sub- 
strates there is a simultaneous output and fixation of CO,, 
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the manometric method provides a measure of only the net 
changes. If the increase in the bicarbonate is less than the 
CO, uptake observed during the metabolism of the sub- 
strate, the difference between the two values represents a 
net fixation of CO,, whilst if the bicarbonate change is 
greater than the observed CO, uptake, the difference 
represents a net CO, output. 

In the procedure used in the present experiments, cell 
suspensions were incubated in the dark for 30 min. before 
the lights were switched on. During this equilibration 
period some endogenous fermentation occurred and, when 
the lights were switched on, the fermentation products that 
had accumulated were metabolized with an uptake of CO, 
which usually amounted to 10-30 yl. The amount of CO, 
which was incorporated in this way never corresponded 
exactly with the manometric results and was generally much 
higher. With isotope data, the quantity of “CO, incorporated 
is calculated from radioactivity measurements made on 
cells incubated with and without substrate. Thus: 


pmoles of CO, incorporated = 
(counts/min. fixed in cells with substrate — counts/min. 
fixed endogenously) x‘ initial CO, (moles) 
counts/min. in initial CO, 





It is assumed that the deduction of the endogenous values is 
legitimate. In what follows the terms net fixation and net 
output of CO, refer to the results obtained by manometric 
methods. Incorporation of 4CO, is defined as the amount of 
CO, (expressed as pmoles) taken up by the cells, as measured 
by the tracer technique, whether the CO, entered the 
system by exchange reactions, by fixation reactions or by 
a combination of the two. 


RESULTS 


Incorporation of “CO, with acetate, propionate and 
butyrate as substrates. The values obtained for “CO, 
incorporation and for net CO, fixation or net CO, 
output are presented in Table 2. Only with butyrate 
did the figure obtained by the isotope method 
coincide with that for net CO, fixation. With pro- 
pionate the amount of !4CO, incorporated was more 
than twice as great as the net fixation. In the 
acetate experiments the number of counts fixed 
in the absence of substrate was in all cases except one 
significantly greater than when acetate was present. 
The manometric results obtained with acetate show 
that there was a net CO, output of 0-2—0-3 umole/ 
pmole of acetate metabolized, a value similar to 
that obtained by van Niel (1941). 

Pyruvate and pvt-lactate as substrates. Table 3 
shows the result obtained with these substrates for 
14CO, incorporation. In addition, the manometric 
data are given. When pyruvate was the substrate, 
the net output of CO, was large, and the amount of 
14CO, incorporated was small by comparison. On 
the other hand, substantial quantities of “CO, were 
incorporated with lactate, a substrate whose state 
of oxidation differs from that of pyruvate by only 
two hydrogen atoms. 
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Succinate, fumarate and t-malate as substrates. 
The values obtained with these substrates for 4#CO, 
incorporation and for CO, output are given in 
Table 4. With succinate the amount of CO, in- 
corporated was 0-5 uymole/pmole of succinate used. 
The results for fumarate were very similar to those 
obtained with t-malate. In each case the CO, 
incorporation amounted to 0-28—0-29 pmole/pmole 
of substrate used, and manometrically there was a 
net output amounting to 1-1—1-2 pmole/pmole of 
substrate utilized. 

Photometabolism of propionate and succinate. In 
recent years an enzyme system has been described 
which catalyses the decarboxylation of succinate to 
give propionate. The presence of. this system has 
been demonstrated in Propionibacterium pento- 
saceum (Delwiche, 1948) and in Veillonella gazogenes 
(Johns, 19516). Reversibility of the reactions in the 
latter organism has been demonstrated by Whiteley 
(1953). Larsen (1951) has obtained evidence for the 
occurrence in Chlorobium thiosulphatophilum of an 
enzyme system catalysing the carboxylation of 
propionate to succinate; this reaction is light- 
dependent. It appears, therefore, that a close 
metabolic relationship exists between succinate and 
propionate in these organisms. Table 2 shows that 
with propionate the incorporation of !4CQ, is con- 
siderably higher than the net CO, fixation. Since 
Chl. thiosulphatophilum carboxylates propionate to 
succinate, it was thought possible that the photo- 
metabolism of propionate by Rsp. rubrum might 
also involve carboxylation to succinate as an initial 
step. As succinate is a symmetrical molecule, a 
reversal of the reaction in the presence of CO, 
would result in labelling of the carboxyl group of 
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similar reaction during metabolism in the light, it 
also would become labelled in the carboxyl groups, 
always provided that intracellular substrate is in 
equilibrium with extracellular substrate (cf. Saz & 
Krampitz, 1954). To test this point, experiments 
were performed in which propionate or succinate 
was incubated in the light with suspensions of Rsp. 
rubrum in the presence of #CO,, and when 15-20% 
of the substrate had been metabolized the reaction 
was stopped, the residual substrate isolated and 
degraded and the products were assayed for radio- 
activity. The results are shown in Table 5. It will be 
seen that the incorporation of isotope into succinate 
is sufficient to account for only 2-8 % of the total 
fixation due to succinate. The incorporation of 
isotope into propionate is hardly significant. For 
the experiment with propionate (Table 5) the cells 
were grown in 5% (v/v) of yeast autolysate. The 
incorporation of CO, as measured by the isotope 
method was 1-2 umoles/umole of propionate meta- 
bolized. 


DISCUSSION 


The results obtained with acetate suggest that this 
substrate suppresses 14CO, incorporation. A similar 
result was obtained by Glover & Kamen (1951), 
who incubated suspensions of Rsp. rubrum in the 
light with and without acetate, under hydrogen and 
in the presence of 4CO,. Under these conditions, 
the quantity of isotope incorporated in the presence 
of acetate was less than that incorporated in its 
absence. At present there is no explanation for 
these results. It appears that cells of Rsp. rubrum 
incorporate carbon dioxide into cell material when 
grown on acetate (Cutinelli e¢ al. 1951; van Niel, 


propionate. If added succinate participates in a 1949). 


Table 5. Incorporation of “CO, into succinate and propionate 


Manometer cups were set up as described under Table 2. The substrate solution contained 40 wmoles of succinate or 
60 pmoles of propionate. The reaction was carried out as described in Table 1 and stopped by tipping in acid after approxi- 
mately 15-20% of the substrate had been metabolized. After determination of the radioactivity of the cell suspension the 
isolation and degradation of the residual substrates were carried out as described under Materials and Methods. All 
radioactive samples were counted to within 2% error, except where stated otherwise. 


Succinate expt. (110 min.) Propionate expt. (150 min.) 


f % c a 
Endogenous With succinate Endogenous With propionate 





Substrate used (umoles) — 7 —_— 9 
Initial CO, (counts/min.) 224 000 224 000 224 000 224 000 
Initial CO, (umoles) 33-9 33-9 33-9 33-9 
Total counts fixed in cells 15 200 38 700 11 500 82 000 
Final CO, (counts/min.) 208 000 184 000 213 000 142 000 
Sum of radioactivity in final CO, and in cells 223 200 222 700 224 500 224 000 
(counts/min.) 
Residual substrates 
= : o ~ 
Succinate Propionate 


Counts/min./umole = 93 +4 Counts/min./umole =11-+5 
Counts/min./umole in CO,H group =41+1 
Counts/min./umole in propionate formed 


in succinate degradation =45+3 
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With propionate and butyrate as substrates 
there was a net fixation of carbon dioxide which can 
be measured manometrically, and the result serves 
as a check on the figures obtained with “CO,. With 
propionate the net fixation was much less than the 
amount of 4CO, incorporated, but at the same time 
no isotope was found in the residual substrate. At 
first sight this suggests that propionate as such is 
not involved in a reversible carboxylation reaction ; 
Larsen’s (1951) results indicate that in Chl. thio- 
sulphatophilum this reaction is not reversible since 
the succinate formed from propionate accumulates. 
However, as Saz & Krampitz (1954) have shown, 
experiments of the ‘carrier’ type must be inter- 
preted with caution since the substrate outside the 
cell may not be in equilibrium with that inside the 
cell. 

Butyrate was the only substrate with which the 
net carbon dioxide fixation agreed with the value 
obtained by the isotope method. This result suggests 
that no carbon dioxide is produced during the 
photometabolism of butyrate. Nothing else is 
known concerning the mechanism of the light oxida- 
tion and assimilation of this substrate. 

The results obtained with pyruvate as substrate, 
namely, a small incorporation and comparatively 
large output of carbon dioxide, are as expected in 
view of the fact that pyruvate is considerably more 
oxidized than cell material. On the other hand, with 
lactate, which is at about the same state of oxidation 
as cell material, the amount of !4CO, incorporated is 
quite large. The manometric results with lactate 
show that there is a small net output of carbon 
dioxide. It is possible, therefore, that the incorpora- 
tion of CO, is due mainly to an exchange reaction 
and does not represent a fixation of carbon dioxide. 
The quantity of 4CO, incorporated when succinate 
is the substrate is equivalent to about 0-5 umole of 
carbon dioxide/ymole of succinate used. This is 
in keeping with the scheme for the metabolism of 
succinate by Rsp. rubrum put forward by Elsden & 
Ormerod (1956) on the basis of results obtained with 
fluoroacetate. In this hypothetical scheme, succi- 
nate is oxidized to phosphoenol pyruvate by a 
pathway involving fumarate, malate and oxalo- 
acetate. During this oxidation, two pairs of hydro- 
gen atoms and one molecule of carbon dioxide are 
produced. Subsequent reduction of the phos- 
phoenol pyruvate to triose phosphate uses one pair 
of hydrogen atoms and the remaining pair is 
utilized in the photosynthetic reduction of half a 
molecule of carbon dioxide. Thus for each molecule 
of succinate metabolized, half a molecule of carbon 
dioxide is fixed and one molecule of carbon dioxide 
is produced. 

Fumarate and malate, like lactate, gave higher 
figures for 4CO, incorporation than expected on the 
basis of their state of oxidation. In connexion with 
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the results obtained with these three substrates, 
the experiments of Wood, Vennesland & Evans 
(1945) are interesting. These workers reported that 
13CO, was incorporated into the carboxyl groups of 
fumarate, malate, lactate and pyruvate when these 
compounds were incubated with crude pigeon-liver 
extracts. The incorporation into malate and 
pyruvate has since been explained by the discovery 
in pigeon liver of the ‘malic enzyme’ (Ochoa, 
Mehler & Kornberg, 1947) and the incorporation of 
isotope into the other acids was due to the presence 
of lactic dehydrogenase and fumarase. Since all of 
these enzymes are present in Rsp. rubrum (Vernon & 
Kamen, 1953; Eisenberg, 1953) it is possible to 
interpret in a similar manner the results obtained 
with lactate, fumarate and malate in the bacterial 
system. If the labelled malate formed in the 
carboxylation reaction is in equilibrium with a 
symmetrical compound (e.g. fumarate) a reversal of 
the reaction would give rise to some labelled C, 
compound. On subsequent assimilation of this, 
isotope would be incorporated into the cells. The 
values obtained for “CO, incorporation with these 
substrates may not therefore represent the true 
gain in carbon. 

It is difficult to interpret the result of the experi- 
ment with succinate, in which a small amount of 
144CO, was incorporated into the residual substrate. 
In the presence of #4CO,, such incorporation could 
result from the action of the ‘malic enzyme’ on 
malate reversibly formed from succinate. 

It appears from the results discussed that 
methods involving labelled carbon dioxide are 
inadequate for measuring carbon dioxide fixation in 
a photosynthetic system of the type found in Rsp. 
rubrum. The metabolism of organic substrates 
which occurs causes difficulties as certain com- 
pounds seem to inhibit or be substrates for ex- 
change reactions involving carbon dioxide. In such 
cases it is impossible to estimate by the isotope 
method the quantities of carbon dioxide fixed. 


SUMMARY 


1. In experiments with suspensions of Rhodo- 
spirillum rubrum illuminated in the presence of 
4CO, and various substrates, the incorporation of 
radioactivity and the net fixation or output of 
carbon dioxide have been measured. 

2. In the presence of pyruvate, DL-lactate, 
succinate, fumarate and L-malate there was a net 
output of carbon dioxide, and with propionate and 
butyrate there was a net fixation of the gas. Each of 
these substrates caused an increase in the incorpora- 
tion of 4CO, over and above that found in the 
control without substrate. Acetate, which gave a 
net output of carbon dioxide, depressed endogenous 
incorporation of #COQ,. 
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3. When a suspension of Rsp. rubrum was incu- 
bated in the light with an excess of propionate in the 
presence of CO, the residual propionate contained 
no significant radioactivity. 

4. A similar experiment with succinate showed 
that the residual substrate contained radioactivity 
sufficient to account for only 2-8% of the total 
incorporation due to succinate. 

5. The implication of these results is discussed. 


I would like to thank Dr S. R. Elsden for his encourage- 
ment and interest in this work, Dr H. J. Saz for his advice on 
the use and assay of “C, and the Agricultural Research 
Council for the receipt of a Research Studentship. This work 
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The Biosynthesis of Penicillin 


4. THE SYNTHESIS OF BENZYLPENICILLIN BY WASHED MYCELIUM 
OF PENICILLIUM CHRYSOGENUM* 


By W. J. HALLIDAY? anp H. R. V. ARNSTEIN 
National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 30 April 1956) 


Although washed mycelial suspensions of Penicil- 
lium chrysogenum have been employed for the study 
of various metabolic properties of the mould, there 
have been few reports on the synthesis of penicillin 
by such preparations. Penicillin production by 
replacement cultures of Penicillium notatum was 
briefly reported by Abraham et al. (1941), who 
observed that maximum yields of penicillin were 
obtained more quickly when the original culture 
liquid was replaced by fresh nutrient medium. 
More recently Rolinson (1954) showed that P. 
chrysogenum could continue to produce penicillin at 
a maximum rate when the mycelium was washed 
and suspended in a fresh, nutrient medium. 
Rolinson’s investigations indicated the possibility 
of performing short-term ‘fermentations’, which 
would yield penicillin in measurable quantities and 

* Part 3: Arnstein, Clubb & Grant (1954). 

7 Present address: Bacteriology Department, 
University of Queensland, Brisbane, Australia. 
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be relatively free from the metabolic by-products 
of complete fermentations. We were therefore 
prompted to examine the effect of various nutrients 
and inhibitors on penicillin production by washed 
mycelium, with a twofold purpose: first, to see 
whether washed mycelium forms penicillin from the 
same precursors as does the mould under more usual 
conditions; secondly, to attempt the isolation and 
identification of the later intermediates in penicillin 
biosynthesis. 

This paper describes the preparation and nutrient 
requirements of the washed mycelium of P. 
chrysogenum, and shows that the precursors of 
penicillin in complete fermentations are used in a 
similar way by washed mycelium. 


EXPERIMENTAL 


Many of the experimental methods used have been described 
in previous communications from this Laboratory (Arnstein 
& Grant, 1954a, b). 
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Preparation of washed mycelium 


The growth medium was essentially that of Jarvis & 
Johnson (1950), supplemented by yeast extract, but the 
metal sulphates were replaced by the chlorides or acetates, 
with the exception of sodium sulphate, which supplied all 
the inorganic S of the medium. This modification was 
designed to allow the S content of the medium to be easily 
varied. The ingredients of the growth medium for a 11. 
fermentation were as follows: ammonium lactate, 6-0 g.; 
ammonium acetate, 3-5 g.; KH,PO,, 3-0 g.; Na,SO,, 0-5 g.; 
Mg(0,C.CH;).,4H,O, 0-2 g.; CaCl,, 0-04 g.; FeCl,, 0-03 g.; 
ZnCl,, 0-01 g.; MnCl,,4H,O, 0-01 g.; Cu(O,C.CH,),,H,O, 
0-004 g.; Difco yeast extract, 0-1 g.; lactose, 30 g.; glucose, 
10g.; silicone antifoam emulsion, about 0-5 g. These 
ingredients, with the exception of the sugars, were dissolved 
in 900 ml. of water in a small stirred aerated jar fermenter 
(Arnstein & Grant, 19545), adjusted to pH 5-8 with H,PO,, 
and autoclaved to sterilize. The sugars were dissolved in a 
further 100 ml. of water, autoclaved separately, and added 
to the sterile, cooled fermenter. The spore inoculum has 
been described by Arnstein & Grant (1954b). Sterile 
potassium phenylacetate (20%, w/v) was added to a final 
concentration of 0-1% (w/v), as a single addition about 
40 hr. after the fermenter had been inoculated. 

Penicillium chrysogenum WIS 51-20 was used in most of 
the work, and some of the results were confirmed with strain 
WIS 48-701. Both strains were obtained through the 
courtesy of Dr M. Lumb of Boots Pure Drug Co. Ltd., 
Nottingham. 

The mycelium was harvested 68-70 hr. after inoculation, 
at which time the penicillin concentration in the broth was 
usually between 150 and 300 units/ml., and was increasing 
at the maximum rate of about 10 units/ml./hr. The pH had 
then risen to about 7-5, and required no adjustment during 
the fermentation. Washing of the mycelium was accom- 
plished by collecting it on a large sintered-glass funnel with 
moderate suction, resuspending it in the original volume of 
6-01m potassium phosphate buffer at pH 7, and repeating 
this procedure until the mycelium had been washed four 
times. The 0-01m buffer could be replaced by water, with 
identical results. The final pad of mycelium, containing 
about 88% of water, was used for the production of peni- 
cillin in short-term experiments in shake flasks. Portions of 
the mycelial pad were weighed into the shake flasks, and thus 
errors arising from the pipetting of viscous suspensions were 
avoided. From the time of harvesting the mycelium, no 
aseptic precautions were taken. 


Use of washed mycelium 


Conical flasks of 100 ml. capacity were generally used, but 
the size of the vessels and the volume of their contents were 
occasionally increased for preparative work. Into each 
100 ml. flask were put 1-0 g. of the washed mycelial pad, and 
liquid to a total volume of 10 ml. The mycelial concentration 
(dry basis) was then about 12 mg./ml., as in the fermenter at 
the time of harvesting. Fresh growth medium was used 
initially, with good yields of penicillin, but it was not 
satisfactory for the work on cyanide inhibition (probably as 
aresult of the content of Cu). Therefore, a nutrient medium 
similar to that of Rolinson (1954) was used to suspend the 
mycelium. This medium contained, per |.: lactose, 30 g.; 
NaNO,, 3-0 g.; Na,SO,, 1-0 g.; KH,PO,, 0-5 g.; phenyl- 
acetic acid, 0-1 g. (as K salt); corn-steep liquor, 50 ml.; the 
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pH was adjusted to 7-0. The flasks were incubated for 
periods of 1-5 hr. on a rotary shaker (250 rev./min.) at 24°. 
At the end of this period, the flask contents were filtered 
through paper, and the filtrates kept for examination. 

Respiration of mycelial suspensions was measured in the 
conventional Warburg apparatus, and the penicillin pro- 
duced at the same time was assayed biologically. Inhibition 
of penicillin formation and respiration by cyanide was 
studied by adding KCN to the KOH normally present in the 
centre wells of the Warburg flasks (Rolinson, 1954; Robbie, 
1946). 

Assay and isolation of penicillin 


Penicillin was assayed by the cup-plate method of 
Humphrey & Lightbown (1952), with Bacillus subtilis 
(NCTC 8241) as test organism and benzylpenicillin (sodium 
salt; 4, 8 and 16 units/ml.) as standard. When benzyl- 
penicillin N-ethylpiperidine salt was assayed, a pure 
sample of this substance was used as standard. 

Radioactive penicillin was isolated from filtrates after the 
addition of non-radioactive sodium benzylpenicillin as 
carrier. The filtrate was cooled in ice and the pH was 
adjusted to 2-2-5 with 25 % (v/v) H,;PO,.The penicillin was 
then extracted into ether, back into 0-1m phosphate buffer 
at pH 7, and finally into ether after reacidifying. All these 
operations were carried out at 2°. The final ethereal solution 
(about 20 ml.) was evaporated to about 5 ml. in a centrifuge 
tube, and cooled in an ethanol-solid CO, bath to freeze out 
the water as ice, which was removed by centrifuging. 
N-Ethylpiperidine (10%, v/v, in dry ether) was added in 
slight excess, and the precipitated penicillin salt of this base 
was then recrystallized by dissolving in a minimum of warm, 
dry CHCl, and adding several volumes of dry acetone. The 
purity of the preparations was confirmed by recrystallization 
to constant radioactivity, and by comparing the antibiotic 
potency with genuine N-ethylpiperidine salt of benzyl- 
penicillin. 

Estimation of 4C and *S 

Radioactivity determinations were carried out with a 
thin end-window Geiger—Miiller counter by using infinitely 
thick samples as described by Arnstein & Grant (19545). The 
standard error was less than 5% in all determinations. 


RESULTS 


Effect of conditions on the yield of penicillin. When 
washed mycelium was resuspended in the lactose 
corn-steep medium as described above, penicillin 
was produced at a uniform rate for at least 5 hr. 
This has been reported by Rolinson (1954). The rate 
of production was the same as in the fermenter at the 
time of harvesting, and was usually between 8 and 
12 units/ml./hr. The yield from duplicate flasks was 
remarkably constant (see Table 1). 

Oxygen was required for penicillin synthesis, 
since mycelium under an atmosphere of nitrogen 
produced negligible amounts of the antibiotic 
(<0-2 unit/ml./hr.). Half the concentration of 
washed mycelium produced half the amount of 
penicillin, when shaken in air; hence the supply of 
oxygen was not limiting under the conditions 
described. In the same nutrient medium, and also 
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in the simpler media described below, adjustment of 
the pH between the limits 5-8 and 7-8 had no 
appreciable effect on the yield of penicillin. A pH 
value of 7-0 was chosen, since penicillin is most 
stable in the neutral region. 

The requirement for nutrients was examined by 
omitting single ingredients from the nutrient 
medium, and assaying for penicillin after a standard 
incubation time of 3 hr. The results are summarized 
in Table 1. It appears that corn-steep liquor was 
dispensable, except in the absence of phenylacetate ; 
presumably the corn-steep liquor provided pre- 
cursors for the side chain of the penicillin molecule, 
and its nutritive role in the washed mycelium could 
be filled by phenylacetate. In the presence of 
phenylacetate (with or without corn-steep liquor), 
nitrate, sulphate or phosphate could be omitted 
without decreasing the yield of penicillin. The 
omission of lactose and corn-steep liquor resulted in 


Table 1. Effect of nutrient medium on yield of 
penicillin from washed mycelium 


Each flask contained 1-0 g. of washed mycelium of P. 
chrysogenum WIS 51-20, in a total volume of 10 ml. Final 
concentration of mycelium (dry basis), 12 mg./ml. For 
ingredients of complete nutrient medium, see Experimental 


section. Results refer to duplicate flasks. 
Yield of 
penicillin 
(units/ml./ 
3 hr.) 


Medium 
25, 25 


Complete nutrient medium 25, 
Corn-steep liquor omitted 26, 25 


Lactose omitted 24, 24 
Nitrate omitted 25, 24 
Sulphate omitted 27, 24 
Phosphate omitted 26, 25 
Phenylacetate omitted 16, 13 
Corn-steep liquor and lactose omitted 21, 20 
Corn-steep liquor and nitrate omitted 26, 26 
Corn-steep liquor and sulphate omitted 27, 25 
Corn-steep liquor and phosphate omitted 24, 26 
Corn-steep liquor and phenylacetate omitted <l 

All nutrients omitted (mycelium plus water) <l 


Table 2. Yield of penicillin from various 
concentrations of phenylacetate 


Conditions as for Table 1, except that corn-steep liquor 
was omitted entirely, and the amount of potassium pheny]l- 
acetate was varied. Concentrations of phenylacetate are 
expressed as g. of phenylacetic acid/I. 
Molar conversion 
of phenylacetate 

into penicillin 


Yield of 
penicillin 


Conen. of 
phenylacetate 


(g./I.) (units/ml./1-5 hr.) (%) 
0 <0°5 _ 
0-0025 3-5, 3-6 30 
0-005 6-2, 5-5 23 
0-01 8-5, 8-0 17 
0-025 12-1, 11-3 9-5 
0-05 13-5, 11-5 5-1 
0-1 11-2, 10-5 2:2 
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a 20 % decrease in yield, which could be restored by 
adding either of these constituents. Thus the only 
indispensable nutrient was the side-chain precursor, 
and it was found subsequently that washed 
mycelium suspended in aqueous potassium phenyl- 
acetate (0-01 %, pH 7) produced penicillin at a rate 
of 6-10 units/ml./hr. This yield could be increased to 
the maximum of 8-12 units/ml./hr. by the addition 
of lactose or corn-steep liquor. Most of the experi- 
ments reported below were conducted with aqueous 
potassium phenylacetate as the supporting medium 
for the washed mycelium. 

The effect of varying the concentration of phenyl- 
acetate was determined by incubating washed 
mycelium with the complete nutrient medium 
(minus corn-steep liquor and phenylacetate) to 
which various amounts of phenylacetate were 
added. Table 2 shows the results obtained. 

Several attempts were made to find conditions 
under which washed mycelium could be stored, and 
yet retain its activity. Storage at 2° in a mass or 
under nitrogen brought about a rapid degeneration, 
only 20% of the activity remaining after 2 days. 
When the mycelial pad was finely divided and kept 
in air or oxygen at 2°, it remained fully active for 
1-2 days, but only 30% of the activity remained 
after 6 days. A final washing of the mycelium with 
0-1m phosphate buffer at pH 7 improved the keeping 
qualities slightly, probably by controlling the rise in 
pH which otherwise occurred. Freeze-drying or 
freezing and thawing, even in the presence of 
glycerol (20-50%, v/v), completely destroyed the 
ability to synthesize penicillin, as also did grinding 
with sand or drying with acetone. Freshly harvested 
mycelium was used in all the experiments reported 
here. 

Utilization of labelled precursors. Some substances 
known to be effective precursors of penicillin in 
complete fermentations were tested for their ability 
to serve as precursors with washed mycelium. The 
radioactive substances were added to the mycelium, 
which was suspended in water containing pheny]l- 
acetate, and the penicillin formed was isolated as 
the N-ethylpiperidine salt after the addition of 
carrier penicillin. The experimental details and 
results are shown in Table 3. These results confirm 
that the washed mycelium of P. chrysogenum can 
use several exogenous precursors to form penicillin. 
The molar radioactivity of phenylacetate was 
diluted to only a small degree, which is in accord 
with the obligatory requirement of this precursor. 
L-Cystine was also used efficiently, but we were not 
able to demonstrate convincingly that the supply of 
cystine ever became a limiting factor in penicillin 
biosynthesis. The added t-valine was incorporated 
into penicillin with moderate efficiency. Sulphate 
was diluted by the endogenous sulphur of the 
mycelium to a much greater extent than was 
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cystine, probably mainly because the amount of 
labelled sulphate added was much smaller than that 
of cystine. A comparison of the amount of radio- 
activity incorporated into penicillin suggests that 
sulphate is utilized less efficiently than cystine for 
penicillin biosynthesis. 

Effect of cyanide on penicillin yields and on 
respiration. Rolinson (1954) reported that peni- 
cillin synthesis by washed mycelium was inhibited 
by low concentrations of cyanide which did not 
affect respiration. We have attempted to repeat this 
work under our experimental conditions, since 
knowledge of specific inhibitors of penicillin 
synthesis may give insight into the mechanism of 
the normal process. 

Mycelium prepared in the usual way was sus- 
pended in both the complete nutrient medium 
(minus corn-steep liquor) and in aqueous phenyl- 
acetate in Warburg flasks. In the centre wells of the 
flasks was placed potassium hydroxide with 
potassium cyanide to give the required level of 
cyanide in the surrounding vessel (Robbie, 1946). 
Uptake of oxygen and production of penicillin were 
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determined after 1 hr., and the results obtained 
with duplicate flasks are shown in Table 4. 

Both strains of P. chrysogenum (WIS 51-20 and 
WIS 48-701) responded in the same way to 
cyanide, although the actual yields of penicillin 
were greater with WIS 51-20. Penicillin bio- 
synthesis was more sensitive to poisoning by 
cyanide than was respiration, irrespective of the 
medium used to suspend the mycelium. The results 
appear to differ quantitatively from those of 
Rolinson, and this difference is discussed further in 
the next section. 


DISCUSSION 


The use of washed mycelium offers several ad- 
vantages in the study of penicillin biosynthesis. The 
effect of man; different conditions may be deter- 
mined in experiments lasting only a few hours, and 
use is made of mycelium which is quite uniform 
since it comes from one original fermenter. Experi- 
ments may be of such short duration as to make 
separable the two phenomena of mycelial growth 
and penicillin production. As the mycelium is able 


Table 3. Incorporation of radioactive precursors into penicillin synthesized by washed mycelium 


Except in the experiment with Na,**SO,, washed mycelium of P. chrysogenum WIS 51-20 (5-0 g.) was added to water 
(50 ml.) containing potassium phenylacetate (0-05 g./l.) and the radioactive substance under investigation. The mixtures 
were shaken for 3 hr. in 500 ml. flasks and filtered, and the filtrates assayed for penicillin. In the [**S]sulphate experiment, 
only 1-0 g. of washed mycelium was used in a 100 ml. conical flask, and the final volume was therefore reduced to 10 ml. 

Sodium benzylpenicillin (50 mg.) was added to each flask; N-ethylpiperidine salt of benzylpenicillin was isolated and its 
radioactivity determined as described in the text. 


Cale. 
radioactivity 
of penicillin 
Specific beforedilution Dilution Radioactivity 
Amount added radioactivity with carrier of molar incorporated 
Radioactive (uc/m-mole) (yc/m-mole) radioactivity into penicillin 
substance (umoles) (pC) A B A/B (%) 
Potassium [1-44C]phenylacetate 17-6 21-5 1220 1140 1-07 3-7 
L-[!4C]Valine (uniformly labelled) 4:27 14-2 3320 169 19-6 0-27 
L-[*°S]Cystine (calc. as cysteine) 83-3 0-026 0-31 0-17 1-82 2-5 
Na,*SO, (‘carrier-free’) 0-01 10 10° 430 2300 0-83 
(approx.) 


Table 4. Effect of cyanide on penicillin synthesis and on respiration 
Each Warburg flask contained 3-5 ml. of mycelial suspension (0-15 g. of mycelial pad; final dry wt. of mycelium, 6 mg./ 
ml.) and 0-2 ml. of 0-5m-KOH. The KOH solution also contained KCN, in the amounts derived by Robbie (1946). Flasks 
were shaken for 1 hr. at 25°. The percentage inhibition is calculated from the mean of the duplicate flasks. 


Total oxygen uptake Penicillin synthesis 
AWN 





Conen. ¢ * os a \ 
of cyanide % % 
Strain Suspending fluid (uM) (pl.) inhibition units/ml.) inhibition 
WIS 48-701 Complete nutrient medium 0 548, 524 0 7-3, 6-5 0 
without corn-steep liquor 2 536, 444 9 5-2, 46 29 
10 387, 363 30 2-7, 4-0 52 
50 329, 204 50 2:9, 1:5 68 
200 133, 125 76 1-0, 0-7 87 
WIS 51-20 Aqueous potassium phenyl- 0 190, 198 0 11-5, 11-5 0 
acetate (0-05 g./L.) 2 202, 208 0 10-0, 11-0 9 
10 211, 211 0 9-8, 8-9 19 
50 169, 144 20 4:8, 53 57 
200 75, 97 56 3-4, 3-6 70 
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to synthesize penicillin in a very simple medium 
(aqueous potassium phenylacetate), the antibiotic 
may be extracted with a minimum of interference 
from nutrients and end products of the fermen- 
tation. 

In the absence of an exogenous side-chain pre- 
cursor such as phenylacetate, little or no penicillin is 
produced, and washed mycelium may therefore be 
used as a convenient system for testing the utiliza- 
tion of potential precursors for the biosynthesis of 
penicillins with different side chains. 

We may deduce, from the fact that washed 
mycelium continues to produce penicillin if only 
phenylacetate and oxygen are supplied, that the 
synthesis does not depend on diffusible inter- 
mediates formed early in the fermentation. Intra- 
cellular substances which withstand washing seem 
to be readily available for penicillin synthesis; the 
latter occurs at a rate which is increased only by the 
addition of lactose, which may function as a source 
of energy. 

Radioactive sulphate, cystine and valine were 
incorporated into penicillin by washed mycelium, 
although the supply of these substances did not 
appear to be rate-limiting as with phenylacetate. 
Added sulphate was less efficiently utilized than 
cystine, indicating that synthesis of penicillin was 
proceeding largely from more complex forms of 
sulphur, such as cystine, derived from the mycelial 
protein. Other investigators have obtained similar 
results for radioactive substances added to complete 
fermentations. Labelled phenylacetate (Sebek, 
1953), sulphate (Smith & Hockenhull, 1952), cystine 
(Arnstein & Grant, 1954b) and valine (Arnstein & 
Grant, 1954a) have been shown to give rise to 
labelled penicillin, with dilutions of radioactivity 
differing slightly from those shown in Table 3. The 
differences probably result from the fact that in the 
complete fermentations the precursors were added 
at different levels and were available to the mould 
over a period of several days. 

The practical advantages of the use of washed 
mycelium would be greatly increased if the material 
could be preserved in an active state. At present, 
the results of any set of experiments are not known 
until the following day, when further experiments 
with the original mycelium may not be strictly com- 
parable. Further work on the preservation of the 
mycelium is in progress. The possibility of obtaining 
a cell-free system capable of synthesizing penicillin 
appears to be remote, since any manipulation which 
damaged the cell wall (freezing, drying, grinding) 
destroyed the synthetic ability of the cells. 

The difference between the cyanide sensitivities 
of penicillin synthesis and of respiration, although 
significant, is not as pronounced as that reported by 
Rolinson (1954). He found, for instance, that 
2x 10-*m cyanide depressed the rate of penicillin 
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production to 25% of normal, while causing no 
significant inhibition of respiration. In calculating 
the equilibrium concentration of cyanide in contact 
with the mycelium, Rolinson used the information 
given by Umbreit, Burris & Stauffer (1945), which 
has been shown by Robbie (1946) to be in error, 
Thus what was reported as 2 x 10-*m cyanide was 
probably ten times this concentration. A recalcula- 
tion of Rolinson’s data by the use of Robbie’s 
figures reduces the discrepancy mentioned above. 
The difference then remaining between our results 
and those of Rolinson could well be due to the 
different growth media used and to possible 
differences in the strains of P. chrysogenum. 


SUMMARY 


1. Washed mycelium of Penicillium chrysogenum 
(strains WIS 48-701 and WIS 51-20), resuspended 
in water, required only oxygen and phenylacetate 
for the continued synthesis. of penicillin. The pH of 
the medium had no significant effect between the 
limits 5-8 and 7-8. The synthetic ability of the 
mycelium degenerated after 1-2 days at 2°. 

2. Substances known to give rise to penicillin in 
complete fermentations were also utilized for the 
synthesis of penicillin by washed mycelium. The 
incorporation of potassium [1-!C]phenylacetate, 
[S]sulphate, L-[*S]eystine and t-[!4C]valine into 
penicillin by incubation with washed mycelium for 
3 hr. was 3-7, 0-8, 2-5 and 0-27 % respectively. 

3. Penicillin synthesis was more sensitive than 
respiration to poisoning by cyanide. The results ob- 
tained differ quantitatively from those of Rolinson 
(1954), and the reasons for this are discussed. 

4. The use of washed mycelium provides a con- 
venient method for the investigation of penicillin 
biosynthesis, since many variables may be tested 
in a short time in a medium free from interfering 


substances. 
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